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This thesis analyzes the mortars used in the construction of Guastavino tile vault 
assemblies through an in-depth study of St. Paul’s Chapel and observations at five other 
Guastavino projects. Limited research has been published that addresses the mortars used in 
Guastavino vaults, but the available literature indicates that only gypsum mortar and Portland 
cement mortar were used in their construction. Furthermore, literature establishes that vaults 
were assembled by installing the first layer of tiles with gypsum mortar, while the above tile 
layers were set in Portland cement mortar. Preservation professionals often encounter 
discrepancies between this assembly described in literature and the assemblies and mortars 
observed during restoration projects.  
To address these discrepancies, this thesis performed a material study at St. Paul’s 
Chapel, identifying the mortars and their assembly through archival review, physical 
observation, and cursory petrographic analysis of select samples. It was determined that at least 
four different types of mortars, including gypsum mortar, gypsum-lime mortar, natural cement 
mortar, and portland cement mortar were used in the construction of St. Paul’s Chapel. 
Furthermore, it was discovered that the used mortar types varied by the form and finish of 
different vaults at St. Paul’s Chapel. Similarly, in the supporting case studies, mortars other than 
gypsum mortar and portland cement mortar were identified, again varying based on the 
particularities of the assembly of each vault.  
The variety of these materials and assemblies illustrate the oversimplification of the 
description of Guastavino vault assemblies in published literature. This thesis therefore provides 
schematic section drawings of the studied vaults that identify the types of mortar used and their 
locations within the vault assembly. While only a fraction of the projects of the Guastavino 
Company were analyzed in this thesis, the chosen case studies clearly demonstrate that the 
company used mortars other than gypsum mortars and Portland cement mortars. Furthermore, 
this thesis establishes that the type of mortar used in a Guastavino project was intricately linked 
to the assembly method, and that both mortar and assembly varied based on the specific 
parameters of particular projects.  
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Chapter 1: Introduction 
 
1.1 Motivation 
The mysteries of how great buildings were constructed is widely considered in the study 
of history, art, architecture, and archaeology. Many of these mysteries focus on structures from 
ancient civilizations. With the industrialization and standardization of architecture and 
engineering, methods of construction were increasingly documented in the modern age. There 
are few gaps in our understanding of how modern society has been built. Despite this increase in 
knowledge, a notable gap in the understanding of modern construction history remains, one that 
addresses many of the great American buildings: the Rafael Guastavino Company. 
In the late nineteenth and early twentieth-centuries, the Guastavino Company constructed 
vaults and domes of thin flat tiles and mortar, creating expansive spaces in over 1,000 buildings, 
across the United States and internationally. The vaults were masonry structures, adapted from 
traditional Mediterranean tile vaulting methods, using modern materials such as portland cement, 
manufactured terra cotta tiles, and only rarely employing metal reinforcements. The basis of 
understanding regarding the material composition of Guastavino vaults and domes primarily 
originates from two major sources: a 1968 article written by Columbia University art and 
architectural history professor, George Collins, and a 2010 book written by Massachusetts 
Institute of Technology architecture and engineering professor, John Ochsendorf. Ochsendorf’s 
statements regarding the material composition build upon the narrative in Collins’ work. 
However, the sources of these claims are limited, originating from two early twentieth-century 
articles outlining simplified methods of Guastavino construction.  
In the last five decades, a significant amount of research on the Guastavino Company has 
been completed and published in scholarly papers and trade magazine articles. The material 
discussions in this research are primarily based on the assembly described in Collins article from 
1968. Most published works on the Guastavino Company do not focus on the materials or 
construction assembly of Guastavino vaults or domes. Instead, they focus on the structural 
performance of individual buildings, or the history of the company. In this statement, he draws 
the attention away from the materials and methods used, and instead focuses on the design of a 
dome’s geometry and its related structural performance. Little has been published regarding the 
material composition, design, or construction of Guastavino structures. 




It seems apparent, when individual projects are studied and compared, that the 
workmanship and methods of construction used by the Guastavino Company evolved over time. 
As the firm developed new technologies and employed new methods of structural analysis, their 
construction methods inevitably changed. This is evident from a number of resources. Patents 
outline the development of the techniques over time. Publications by Rafael Guastavino Sr. 
further support this evolution. As a result, it appears difficult to pinpoint one set method of 
construction used by the company, as Collins and Ochsendorf suggest. Many preservation 
professionals have identified discrepancies between the published literature, particularly with the 
Collins and Ochsendorf writings, and their findings in the field. In this thesis, the author attempts 
to reconcile this discrepancy through investigative and archival research on several buildings to 
evaluate how materials were used by the Guastavino Company in the structures they built.  
 
1.2 Significance of Research 
The basis of understanding for the assembly of Guastavino vaults and domes branches 
from two main sources: an article written in 1968 by George Collins in The Journal for the 
Society of Architectural Historians, and the book, Guastavino Vaulting: The Art of Structural 
Tile, written in 2010 by John Ochsendorf. Collins states in his article that Guastavino domes 
were constructed using plaster of Paris at the joints between the first layer of tiles. Rough 
masonry tiles were then added above, bedded in a layer of portland cement mortar. This 
assembly will be referred to as the “Collins model.” Ochsendorf builds upon this 
characterization, stating that once finish ceramic tiles were developed by the Guastavino 
Company, they were installed to the completed rough masonry tile vault from below. These 
finish tiles, he states, were installed with portland cement mortar adhered to the back side of the 
tile, and pressed into the innermost face of the rough masonry tile structure. Ochsendorf states 
that these vaults are finished with a portland-cement based pointing mortar. This assembly will 
be referred to as the “Ochsendorf model” or “Collins-Ochsendorf model” (Figure 1).  




Both resources are extensively cited in literature that discusses the construction of 
Guastavino vaults and domes. Few authors, however, critically examine the claims of Collins 
and Ochsendorf. Only one thesis, Putting Guastavino in Context by Daniel Lane, addresses the 
material composition of Guastavino structures, but it is focused on portland cement mortar 
compositions and does not relate the material to the tile assembly or construction sequencing. 
Given the extensive repertoire, it seems unlikely that the company employed uniform methods of 
assembly and construction, as Collins and Ochsendorf claim.  
While these statements may address some Guastavino structures, physical evidence does 
not always support the use of these assemblies. During resetting or removal of tiles at various 
projects, physical evidence conflicts with the assemblies described in the literature.  
  This lack of research becomes especially significant when we compare the Collins and 
Ochsendorf models with the materials at St. Paul’s Chapel at Columbia University. The 
placement and composition of the mortars found in the main dome of St. Paul’s Chapel 
dramatically varies from the current understanding of ceramic finish tile assemblies (Figure 2). It 
is critical that we analyze these assemblies in order to determine what materials were used and 
Figure 1: Diagram showing assembly and sequencing of Guastavino vaults or domes. On the left is the proposed sequencing by 
Collins. On the right is the proposed sequencing of "finished" structures, per Ochsendorf's description. 




where they were used in the construction of Guastavino vaults and domes. Without accurate 
information regarding the composition and construction, these structures cannot properly be 




















The beginnings of the Guastavino Company were not in constructing the monumental 
glazed tile spaces we remember them for today. The company had utilitarian origins as a 
fireproofing company, installing tile vaults to create fireproof structural systems for small-scale 
buildings. The structures were typically a barrel or domical vault installed between steel beams. 
As the company expanded, they evolved from rough masonry vaults to highly ornate structures. 
The structures varied from small-span vaults to expansive domes. The assemblies could be 
increasingly complicated, ranging from barrel vaults or domical vaults, to domes, to arches, and 
even staircases.  
Figure 2: Comparative diagram showing materials of the upper main dome at St. Paul's Chapel (above) 
with typical assembly Ceramic Finish tile (below), based on Collins/Ochsendorf claims. 




Although Guastavino vaults and domes evolved over time, basic terminology can be used 
to describe elements of these structures. The innermost layer on all structures will be referred to 
here as the “soffit tile” layer. This is a term often used by the Guastavino Company in their 
drawings. Guastavino vaults and domes can be categorized into two varieties: rough masonry 
and finished masonry (Figure 4).  “Rough masonry” structures are defined as being constructed 
with multiple layers of terra cotta rough masonry tiles, with no intention to receive a decorative 
tile finish (Figure 4). Prior to 1889, all Guastavino structures in the United States were of the 
“rough masonry” variety, meaning that decorative tiles were not installed and the soffit layer was 
often left exposed or plastered. “Finished” structures are defined as being constructed with 
Figure 4: Basic diagrams, following the Collins and Ochsendorf models, indicating terminology of tile and mortar types. 
Figure 4: Rough masonry vaults (left) are installed in a barrel vault form. Finished vaults (right) have a decorative tile layer at 
the soffit layer. This assembly is in a domical vault form. St. John the Divine, Nov 




multiple layers of terra cotta rough masonry tiles with a ceramic tile, acoustical tile, or mosaic, 
installed at the soffit tile layer as a decorative element.1  
Each structure typically comprises two tile types. Tiles are either rough masonry tiles, 
sometimes called structural tiles, or finish tiles, referred to as “soffit tiles” by Guastavino and 
many practitioners. Finished Guastavino vaults and domes can also be further divided into 
categories based on the soffit tile layer. These categories are cementitious, ceramic finish, 
acoustical, and mosaic. Chapter 3 provides an extensive review of various tile types and their 
known properties.  
Mortars are used for three different purposes. “Setting mortar” defines the mortar used to 
set the layer of tiles installed first. This does not necessarily indicate that the setting mortar is 
installed at the soffit layer. The location of the setting mortar depends on the assembly of each 
individual structure.  “Bedding mortar” is installed at all layers above the first layer of tiles. It is 
also used to join the structural, rough-masonry tiles and to provide a continuous layer of material 
to bond the tiles together. Finally, “pointing mortar” is installed on the intrados at the soffit tile 
joints. Pointing mortar is typically only installed on finished structures.2 There is, however, a 
dispute within the field of preservation regarding the sequencing of the soffit tile layer of 
ceramic finish tile vaults; was the soffit tile layer installed first, or last?   
 
 
1 It should be noted that a handful of structures constructed by the Guastavino Company have finish tiles applied to 
the extrados. These structures are not included in the scope of the current research, which focuses on the initial steps 
in the sequence of construction used by the company.  
2 These terms are routinely used by preservation professionals who engage with Guastavino vaults and derive from 
standard masonry construction terminology. Terms were selected in consultation with Derek Trelstad who served as 
a reader for this research.   




Chapter 2: An Evolutionary History of the Guastavino Company 
 
 This chapter reviews a brief history of the Guastavino Company and the roles both Rafael 
Guastavino Sr. and Jr. had in its development. The social and economic history of the company 
is not the focus of this work, as it is widely documented elsewhere.3 This purpose of this chapter 
is to contextualize the findings of this research with important events related to materials and 
construction methods.  
 
2.1 Coming to America 
 Tile vaulting, a Mediterranean-based practice in use since the fifteenth century, is notable 
for its light weight and low-cost assembly of mortar and masonry tiles. Unlike other types of 
masonry vaults, this traditional building practice did not require the use of centering and was 
extensively used until the mid-eighteenth century. In the mid-nineteenth century, this building 
technology was revived by Rafael Guastavino Sr., a Spanish architect and master-builder. In 
Barcelona, he designed a number of industrial facilities, most notably the Batlló Factory, which 
drew international attention for its scale, speed of construction, and impressive design.4 In his 
work, Rafael Guastavino Sr. experimented by blending traditional tile vaulting techniques with 
modern innovations, most significantly with the use of portland cement.  Prior to this innovation, 
traditional tile vaults were constructed using lime mortar.5 Guastavino marketed this modified 
system as “cohesive construction,” a solid mass fabricated by the cohesion of several materials.6  
Rafael Guastavino Sr. and his son, Rafael Jr. immigrated to the United States in 1881 
with the intent to share this “new” cohesive construction system based on traditional Catalan 
masonry vaulting.  The Guastavinos’ relocation was partially stimulated by the high-quality of 
 
 
3 Guastavino Vaulting: The Art of Structural Tile contextualizes the social, architectural, technological, and 
economic history of the Guastavino Company. The 1999 APT Bulletin Preserving Historic Guastavino Tile 
Ceilings, Domes and Vaults 30 no. 4 is a collection of articles that review various aspects of the company’s history 
and site-specific projects.  
4 Ochsendorf, Guastavino Vaulting: The Art of Structural Tile (New York: Princeton Architectural Press, 2013), 25.  
5 Ochsendorf, Guastavino Vaulting, 29.  
6 Rafael Guastavino Sr., “Cohesive Construction. Its Past, Its Present, Its Future,” The American Architect and 
Building News 43 (Aug 26, 1893): 125. He compares this with mechanical or gravity construction, which relies on 
the “resistance of a solid to the action of gravity when opposed by another solid.” This type of construction does not 
account for the cohesive strength of materials, such as mortar, that are placed between the solid units.  




portland cement in the United States.7 To gain commissions from American architects, Rafael 
Guastavino Sr. needed to develop and promote cohesive construction. Upon his arrival to the 
United States, he devoted five years to the study of American construction methods, materials, 
and manufacturing to familiarize himself with the industry.8 In this five year period, he filed 
three patents regarding the construction of fireproof buildings.9 Before the end of the decade, 
Guastavino Sr. filed two additional patents related to the construction of fireproof buildings (U.S. 
Patent 383,050) and the construction of tile arches (U.S. Patent 430,122). The growing concern 
for fire prevention in the United States provided a profitable opportunity for Guastavino to enter 
the construction industry, as his structures comprised fireproof terra cotta tiles.  
In 1888, Rafael Guastavino Sr. incorporated the R. Guastavino Fireproof Construction 
Company in Boston, Massachusetts. The most prestigious architects of the late-nineteenth and 
early-twentieth centuries quickly established relationships with the Guastavino Company. This 
was spurred largely by the company’s involvement with the construction of McKim Mead and 
White’s Boston Public Library in 1889. Tile vaulting became an economical choice that did not 
compromise, and in many instances, enhanced the magnificence of buildings in the period. 
During the construction of the library, Charles McKim suggested that the Guastavino Company 
expose the soffit tile course as a decorative finish.10 The company searched for a source of a 
glazed tile for the interior finish and ultimately gathered enough to finish the project, but 
sourcing this product was difficult, and some areas of the vaults were covered with mosaics or 
plaster. Construction of this building marked the first instance of exposed decorative vaults.  
 
2.2 Early Manufacturing and Growth 
Guastavino imported tiles from Spain until discovering American terra cotta roof tile 
manufacturing companies shortly after his arrival. He then commissioned these manufacturers to 
create structural tiles for his early work.11 After the construction of the Boston Public Library, 
 
 
7 Peter B. Wight, “The Life and Work of Rafael Guastavino,” The Brickbuilder X (May 1901), 80. 
8 Rafael Guastavino, Essay on the Theory and History of Cohesive Construction, Applied especially to the Timbrel 
Vault, 2nd ed. (Boston: Ticknor, 1893), 17. 
9 These patents are U.S. Patent 323,930 (1885), 336,047 (1886), and 336,048 (1886). 
10 Ochsendorf, Guastavino Vaulting, 50. 
11 Typewritten notes from Autobiography of William E. Blogett of Woburn, MA. (Boston: Guild, 1938), 
Miscellaneous File, Guastavino Company Archives, Avery Library, as cited in Ann S. Fowler, “The Mark of the 
Builder: Rafael Guastavino’s Masonry in Asheville, North Carolina,” The Journal of the Southeast Chapter of the 




the company also commissioned manufacturers to create glazed ceramic finish tiles. It became 
evident that issues with the sourcing and quality of these finish tiles were disruptive to 
construction schedules.12 Ongoing issues with defective material or delayed deliveries ultimately 
led the company to pursue internal tile manufacturing for commercial production.13  
In 1894, Rafael Guastavino Sr. purchased property on Black Mountain in North Carolina, 
where he experimented with brick and tile manufacturing. This site was likely not intended for 
commercial production.14 Archaeological evidence across the 600-acre estate shows examples of 
his experiments with glazed tiles.15 Some of the tiles manufactured at the estate have been traced 
to the Biltmore House and St. Lawrence Church in Asheville, North Carolina. In addition to 
experimentation with finish tiles, the company also filed a patent for the manufacture of rough 
masonry tiles. The 1895 patent held by the Guastavino Company details their method of 
manufacturing six rough masonry tiles in one block, which allowed for mass production of 
structural tiles that could be broken apart on site.16 During this decade, Rafael Guastavino Jr. also 
became increasingly more involved with the company affairs and projects. 
 
2.3 Expanding the Guastavino Company 
The Guastavino Company’s first commercial factory for tile production was established 
in 1900 in Woburn, Massachusetts. At the turn of the century, the development of tile production 
brought an increased demand. In 1900, the Guastavino Company was involved with at least 16 
projects, located in four states.17 Some of these projects included the Buffalo General Hospital 
(Buffalo, NY), the Metropolitan Museum of Art (New York, NY), Yale University’s Alumni 
War Memorial (New Haven, CT), and the Pelham Building (Boston, MA). All projects were 
located in the northeast and central to New York City.  
 
 
Society of Architectural Historians 2 (1991): 49. The exact manufacturing companies that provided these tiles are 
unknown.  
12 Peter Austin, “Rafael Guastavino’s Construction Business in the United States: Beginnings and Development,” 
APT Bulletin: The Journal of Preservation Technology 30, no. 4 (1999): 17. 
13 Ochsendorf, Guastavino Vaulting, 76-80. 
14 Fowler, “The Mark of the Builder,” 53. 
15 ibid, 50. This article extensively discusses early manufacturing history at the Black Mountain Estate and its ties to 
multiple projects in Asheville, North Carolina.  
16 Ochsendorf, Guastavino Vaulting, 156. 
17 Projects were located in the following locations: Connecticut (1), Massachusetts (3), New Jersey (3), New York 
(9).  




In 1901, Rafael Guastavino Sr. filed a patent for a continuously operating tile glazing 
kiln.18 By this time, the Guastavinos had established their work as a “system,” with thirteen 
patents filed on their methods of construction. They had also established relationships with some 
of the most prestigious architects of the era. Throughout the first decade of the twentieth century, 
demand steadily rose (Figure 5). In 1906, the company outgrew this facility and built a new 
factory, also in Woburn, to meet the increasing demand of tile production. By 1909, the company 
had 35 active projects located in nine states, reaching far beyond the northeast.19 These projects 
also dramatically increased in scale. Some of these projects included the construction of 
Pennsylvania Station (New York, NY), the New York Public Library Muhlenberg Branch (New 
York, NY), the Basilica of St. Lawrence (Asheville, NC), and the Carnegie Technical Schools of 
Applied Industries (Pittsburgh, PA).  
 
 
18 Guastavino, Rafael. Kiln for Glazing Tiles, &c. US Patent 670,777, filed May 24, 1899, and issued March 26, 
1901. 
19  Projects were located in the following states: Connecticut (1), Massachusetts (2), Minnesota (2), New York (24), 
North Carolina (1), Ohio (1), Pennsylvania (2), Tennessee (1), Washington DC (1), 
Figure 5: Bar graph depicting the number of active projects per year. Data was assembled from the "Selected List of Extant 
Buildings" in Guastavino Vaulting: The Art of Structural Tile by John Ochsendorf, 227-240.  




2.3 Transitioning from Guastavino Sr. to Guastavino Jr. 
In February 1908, Rafael Guastavino Sr. died at his estate in Black Mountain, North 
Carolina. Shortly after his death, he was posthumously awarded U.S. Patent 915,026 “Structure 
of Masonry and Steel.” The technological developments of the company, however, did not fade 
with his death. By 1908, Rafael Guastavino Jr. had been extensively involved in the affairs of the 
Guastavino Company for nearly two decades. While Rafael Guastavino Sr. had established the 
foundations of the company, it was his son’s efforts to improve the techniques and technology of 
the company that allowed them to construct increasingly remarkable structures.  
 Prior to the death of Rafael Guastavino Sr., the Guastavino Company had been 
commissioned to work at the new chapel on Columbia University’s campus, and the main case 
study of this thesis, St. Paul’s Chapel. A seven-ton terra cotta lantern was to cap the building and 
the architect wanted to ensure that the 3-inch thick Guastavino dome would support it 
accordingly. Prior to this project, Guastavino structures were not designed using any structural 
calculations. A structural engineer was hired to complete analysis of the dome; the engineer 
retained by Guastavino, Nelson Goodyear, used graphics statics, a common method of structural 
analysis of the period. This introduced Rafael Guastavino Jr. to the study of graphics statics, 
which he later learned and applied to the designs of progressively sophisticated vaults and 
domes, most notably the dome at the Cathedral of St. John the Divine in New York, New York.20 
This study allowed the company to design their structures more efficiently.  
 In addition to the engineering developments of the company, the Guastavino Company 
continued to experiment with new products and methods. Between 1910 and 1913, Guastavino 
Jr. received three additional patents for his modifications and improvements to their tile 
system.21 Two of the patents focused on the relationship of steel and masonry structures, 
outlining methods of reinforcing with steel reinforcing bar, trusses, or beams.  
Beginning in 1911, Guastavino Jr. sought to develop a load bearing masonry tile that 
provided an acoustical finish.22 Two iterations of acoustic tiles were developed, in partnership 
with Harvard professor Wallace Sabine, who specialized in architectural acoustics. The pair 
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patented the Rumford tile, a ceramic acoustic tile, in 1914 but due to manufacturing and quality 
issues was infeasible. Two years later, Sabine and Guastavino Jr. received a patent for a non-
ceramic acoustic tile, “Akoustolith.” This began a stint of acoustical-related patents, resulting in 
four additional patents related to acoustic construction products.  
 After a brief reduction in demand during World War I, the Guastavino Company rose 
back to high demand. By 1924, the company reached peak construction with 39 active projects, 
ranging from states along the east coast to the Midwest and reaching as far as Colorado.23 These 
sites included the Basilica of the National Shrine of the Immaculate Conception (Washington, 
DC), the Nebraska State Capitol (Lincoln, NE), Temple Isaiah (Chicago, IL), and the Federal 
Reserve Bank (New York, NY). By the end of the decade, work shifted from a structural tile 
vault system to an ornate decorative architectural feature. Following this period, the company 
slowly declined. Competition from thin-shell concrete threatened the thin vaults and domes 
constructed by the Guastavino Company. Additionally, changes in architectural style and the 
rising cost of construction led to new values in design.  
 
2.4 The End of the Guastavino Company 
By 1962, when the firm liquidated, the Guastavino Company had constructed over 1,000 
projects, many of which were some of the most iconic buildings of the period. In the Guastavino 
Company’s nearly eighty-year history, projects were constructed in at least thirty states and six 
countries.24 These projects used a variety of vaulting methods and were used for a number of 
applications (Figure 6). Guastavino vaults were installed as structural systems, decorative 
ceilings, or acoustical surfaces. They were rarely limited by architectural styles, providing 
seemingly limitless opportunities to economically construct expansive and iconic spaces.  
The Guastavinos trademarked their methods with a total of 24 United States Patents. 
These patents were obtained for a variety of products and methods, including fireproof 
construction, the construction of buildings, cohesive construction, masonry building 
construction, and acoustical products. While many of these patents provide insight into the 
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nature of general construction methods, 
they are characteristically vague. Project 
documents similarly reveal little 
information regarding the material 
composition of these structures. These 
documents alone cannot answer questions 
about material sequencing, placement of 
mortars, or types of tiles used.  
The proprietary nature of the 
Guastavino Company’s work makes it 
difficult to establish a basis of knowledge 
regarding methods of construction. A 
number of materials were developed 
throughout the period, and different 
applications likely required refined 
methods of installation. Both Rafael 
Guastavino Sr. and Jr. clearly had an 
extensive understanding of the material 
properties of their work. Cohesive construction, as described by Guastavino Sr., relies on the 
cohesion of several materials comprising mortar and tile. Perhaps this material understanding did 
not translate to paper, both in writings or in drawings, because much of it was determined by 
instinct or experience.  
 
  
Figure 6: Sweet's Catalog (n.d.) graphic detailing the multitude of 
construction assemblies possible with Guastavino tile vaulting.  
Source: Avery Library. 




Chapter 3: Literature Review 
 
 This chapter provides background information on the R. Guastavino Company and the 
current body of knowledge that exists regarding the methods of design, materials used, and 
construction techniques. Excerpts from literature have been incorporated into the discussion of 
each resource. Full passages of abbreviated excerpts are included in Appendix A.  
 
3.1 Primary Literature 
 Upon his arrival to the United States, Rafael Guastavino Sr. wrote extensively about his 
vaulting system. He published articles and books on the subject, many of which describe the 
material and performance of his structures. Patents provide explanations of his evolving 
techniques, demonstrating that the Guastavino Company experimented with products and 
methods. Together, Rafael Guastavino Sr. and Rafael Guastavino Jr. hold 24 United States 
patents.25  
3.1.1 Guastavino, “Essay on the Theory and History of Cohesive Construction” (1893) 
In 1893, Rafael Guastavino Sr. published the Essay on the Theory and History of 
Cohesive Construction: Applied Especially to Timbrel Vaults. The essay describes two 
construction types: the “gravity system” and the “cohesive system.”26 The gravity system, he 
claims, requires only the material physical property of hardness. In comparison, he claims that 
the cohesive system must consider both the physical and chemical properties of materials.27 It 
also introduces an analysis of structural properties of the cohesive construction system.  
In the book, Guastavino acknowledges the importance of materials in constructing his 
vaults. After immigrating to the United States, he spent five years studying the American 
methods, materials, and facilities, noting in particular the importance of “[knowing] exactly with 
what kind of material [he] was going to work, and under what conditions.”28 This illustrates the 
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varying conditions under which Guastavino vaults or domes were employed, and the need to 
adjust methods and materials accordingly.  
In the cohesive system assembly, mortar is required to set without exposure to the air. 
Historically, this could occur with any cementing material except common lime, but for 
Guastavino vaults and domes, he cites the use of portland cement.29 He defines a timbrel vault, 
and the use of tiles and mortar, with the following: 
A ‘Timbrel Vault’ of a single thickness of brick of tile has no more resistance than an 
arch or vauilt built on the ‘Gravity System;’ because, no matter how good the mortar 
may be, there is only one vertical joint, and the bricks or tiles are working as 
voussoirs. Consequently this form of arch belongs to the ‘Gravity System.’ But if we 
put another course over the first, breaking joints, and laid with hydraulic material, we 
will have the action of cohesive force. In this way the mortar laid over the first course, 
or extrados, takes bond with it, and also with the course laid on top.30 
This discussion illustrates the materials used and the sequencing of these tiles, giving the reader 
an idea of how Guastavino understood the performance of this system. The passage following 
this explanation gives some insight into the methods used. He states that the Guastavino 
Company could “build arches of twenty-feet span only three inches thick, using a centre one inch 
thick, and moving it along as soon as a row of tiles is laid, which usually requires about fifteen 
minutes.”31 The use of a lightweight formwork is another facet in understanding the installation 
of tiles. He elaborates on the use of formwork in his discussion on bridge construction, stating 
that the formwork provides insight into how the intricate tilework may have been laid.  
Perhaps the most critical element of Guastavino’s essay with regards to material 
construction lies in a footnote in Part IV, “Modern Applications and Artistic of Aesthetic 
Importance of the Cohesive Construction.” In the note, he defends his patents of this method of 
building, stating that the applications of cohesive construction found in Spain or Italy were 
empirically designed, without any “scientific method for the application of it.”32 Guastavino then 
outlines the number of “improvements” he has developed with the system. He discusses that the 
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use of plaster in his vaults has been reduced to one-tenth of what was originally used for the first 
and second courses.33 He also discusses the development of finished vaults, stating: 
Formerly, the tiles used to be covered by plaster, leaving that as a rustic form of rough 
material, purely constructive; to-day they are employed in a more useful way, the tiles 
forming the construction and decoration. That was one of the constant and noble 
aspirations of the art of construction; but to arrive at this point with the tile was not an 
easy problem, because the decorative tile is the first course, which is the most difficult 
to have nicely and properly jointed, while the material required for this first course 
gives no chance for carefully made right angles and even joints.34 
This passage highlights the degree of evolution that can be found in the structures built 
by the Guastavino Company. As exposed vaults and domes popularized, the techniques used in 
building the structures needed to be altered to provide a more polished finish. Most notably, 
Guastavino states in the third bullet point that the first layer of tiles serves both decorative and 
structural purposes. He acknowledges the difficulty of creating a suitable, decorative finish at the 
mortar joints. He states that the materials used for the first layer, likely alluding to plaster mortar, 
limits the placement of the tiles in creating even joints and right angles. The use of plaster as a 
setting mortar also illustrates this evolution, as he notes in the first bullet point. The decrease in 
the use of plaster demonstrates that the Guastavino Company prioritized economical and 
efficient construction.  
Guastavino’s Essay is evidence of the extensive material knowledge required for 
constructing vaults and domes. He states that the mason work requires a high level of expertise.35 
In his “Materials and Improvements in the Future” subsection, he outlines the necessity of 
hydraulic mortars and the ability to manufacture tiles that could be easily handled for rapid 
installation. Guastavino states that tiles should be 6”x12”, about 1” thick, and be slightly porous 
to absorb water from the cement.36   
It is important to consider that this document, while a valuable resource for understanding 
the cohesive system, was also a marketing tool. In 1893 when this essay was published, Rafael 
Guastavino was still beginning to establish himself and the cohesive system with American 
 
 
33 ibid.  
34 ibid, 138-139. 
35 ibid, 142.  
36 ibid, 144.  




architects. Most of these architects were unfamiliar with this traditional method of vaulting, and 
Guastavino used his essay as a means of advocacy for this construction type. Guastavino 
provides an extensive discussion on the calculation methods for designing cohesive vaults or 
domes, as a means of affirming the success of the system. Many of these theories on cohesive 
construction have since been disproved, highlighting his naiveté in structural analysis.37 The 
essay does, however, demonstrate his mastery of materials and construction. 
3.1.2 Guastavino Sr., Patent No. 430,122: Construction of Tiled Arches for Ceilings, 
Staircases, &c. (1890) 
 In 1890, Rafael Guastavino Sr. patented his construction methods for tiled arches under 
Patent No. 430,122.  In the specification of the patent, he outlined the use of plaster in the 
construction of arches, discussing its desirable fast-setting qualities. He notes that the speed of 
setting can also be a disadvantage, particularly when constructing tile vaults that have varying 
degrees of inclination. This patent outlines that in the construction of tile arches, plaster will only 
be installed for the first course of tiles with the following courses bedded in portland cement. 
This approach limits the exposure of plaster, which is susceptible to damage by water or 
dampness. He describes this process with the following: 
It is my aim to be able to build arches of brick tiles of unusual length of span [...] To 
accomplish this it is necessary to avoid the use of large quantities of plaster, which I 
am enabled to do by employing the plaster only in the first course of tiles, which are 
flanged, and in very small quantities, […] so that it will not be exposed to the 
disintegrating influences of moisture, temperature, and the like, and laying the second 
course of tiles (and the third, where thrce [sic] are employed) in portland cement. [...] 
I select the best grades of hydraulic cement and also a superior quality of sand, and 
these two ingredients are mixed in the usual proportions to render the same suitable 
for laying the tiles of the arches.38 
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In this same passage, Guastavino also explains his process of preparing his sand to create 
a fast-setting cement mixture. He states that he heats sand prior to mixing it with cement, 
claiming that is  results in a cement mixture that “will set as quickly as plaster.”39 Guastavino 
later explains that his patent differs from traditional tile vaulting techniques because of his use of 
flanged tiles on the soffit tile layer (Figure 7). He states that the plaster is only applied to the 
upward-facing side of the tile flange so that “when the flanges are brought together, the plaster 
will not appear in the exposed joints.”40 It is worthwhile to note that finish tiles are typically not 
found to have these flanges.  
3.1.3 Guastavino Sr., Patent No. 464,562: Construction of Buildings (1891) 
In 1891, Guastavino received Patent No. 464,562 regarding the “Construction of 
Buildings,” which outlines the use of light, moveable wooden framing instead of heavy wooden 
centering. He notes the high construction costs, amount of time, and safety risks involved with 
using heavy centering, and proposes “a permanent, unchangeable, and solid center for the upper 
courses of the arch or vault with the aid of light wooden frames moved constantly” throughout 
construction.41 Guastavino suggests the use of the flanged tiles, as discussed above, as the 
centering, used in tandem with a light temporary wooden frame: 
In erecting this center C the small wooden frame is used to obtain the requisite curve 
and facilitate the laying of the tiles; but this frame is immediately removed as soon as 
the center C is completed, as the construction of the center is such and its weight 
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Figure 7: Diagram from Patent No. 430,122 depicting the assembly of tiled arches by R. Guastavino Sr. Note the tile flange on 
the bottom layer of tiles, which was intended to support the plaster when installing the first layer. 




comparatively so little that it is self-sustaining and the plaster of its joints sets 
quickly.42  
In this patent, Guastavino also discusses the installation of cement for the pointing mortars 
between the soffit tile joints.  He states that because plaster has a tendency to expand and is 
susceptible to moisture damage, a cementitious mortar should be installed at the soffit joints 
from the underside of the vault to prevent moisture from reaching the plaster.  
3.1.4 Guastavino Sr., Patent No. 468,871: Construction of Fireproof Buildings (1892) 
In 1892, Rafael Guastavino Jr. created a patent for the “Construction of Fireproof 
Buildings,” with the purpose of creating vaults or arches with artistic finishing on the interior 
without having to use heavy wooden centering. He proposes the use of a light wooden center-
piece that is moved throughout construction, building upon the 1891 Patent No. 464,562. He 
states the following: 
When the simplest forms of flanged tiles are made use of [...] and joints together, the 
joints between them will comprise three sections, the lower and upper sections being 
substantially radial, and the intermediate section substantially tangential to the curve 
of the arch.  Either the two lower sections of these joints or one of such sections I 
make of plaster-of-Paris or any similar binding material that will set and harden at 
once or more quickly than the mortar and cement usually employed. This will admit 
the immediate removal of the small wooden centers employed in laying the tiles. [...]  
The preferred method of laying the tiles a in building the arch on which to construct 
the main body of the arch [is when] the edges of the tiles are laid at oblique angles to 
the bases or springs of the arch, and the tiles are so interlocked with one another as to 
bring each full tile in contact with and make it engage with six other tiles.43  
Guastavino explains that subsequent tile layers are installed above this initial layer “a” 
with longitudinal ribs of tiles which create supplemental arches between the abutments.  An 
additional layer is installed spanning approximately every two feet and is capped with a final 
layer of smaller tiles to break the joints laterally. He also discusses the placement of heavy wire 
or sheet metal anchors to be installed between tiles in layer a. From this patent, it is evident that 
the herringbone layer of tiles is installed first. This description, however, appears to apply to a 
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simple vault structure. This is demonstrated in the graphics used with his description. He does 
not acknowledge the techniques for more complicated or large-scale structures, such as domes.  
 
3.2 Historical Literature 
Early accounts of Guastavino work can primarily be found in architectural or engineering 
industry periodicals. Most descriptions that mention the Guastavino Company are limited to 
discussing the use of the vaulting as a structural system or as an architectural feature, such as a 
dome or vault. Two articles closely detail construction methods for Guastavino vaults and 
provide some insight into how these buildings were erected.  
3.2.1 Wight, “The Life and Works of Rafael Guastavino” (1901) 
 A series of three articles titled “The Life and Works of Rafael Guastavino” were 
published in the architectural periodical, Brickbuilder. The first of the articles discusses Rafael 
Guastavino Sr.’s work as an architect in Spain. The second of the three articles discusses 
Guastavino’s publications regarding “cohesive construction” and states the materials used as 
being flat clay tiles, portland cement mortar, and plaster of Paris. The final article highlights the 
variety of projects and assemblies constructed in the United States. In the second article, Wight 
outlines the method of installation, noting the first course of tiles in the following description: 
In building a simple floor arch […], the first course of the tile is set as a skew-back on 
a ledge or in a groove of one of the short walls, which is slightly elevated in the 
center. These are set, using only a light frame center slightly curved, and as wide as 
one tile, and the joints between the edges of the tile are of pure plaster of Paris, used 
only on account of its quick setting properties.  A second course of half tiles is set on 
top of these and breaking joints with them next to the wall, with rich portland cement, 
the joint being not more than one-quarter of an inch. As soon as this second course of 
tiles is set, the whole will be self-supporting, and the curved board is moved out to 
serve as a center for the second row of the first course of tiles. This is set the same as 
the first row with plaster at the edge joints, and the second row of the second source is 
set on top of them with portland cement mortar, breaking joints and covering only half 
of the second row of the first course tiles. Then the first row of the third course of tiles 
is set next to the wall, covering the first row of half tiles set in the second course and 
half of the second row of the same course. This brings the thickness at the skew-back 
to 3 ins., which is the thickness of the completed arch.  The next row of first course 
tiles is then set as before, then a row of the second course, and a row of the third 
course, and so on until the arch is built across the twenty feet.  The curved centering is 
set for each row of the first course to a guide traced on the side walls of the space to 




be covered and indicating the rise of the whole arch, which is presumably about 2 ft in 
20. Only the simplest conditions for building a cohesive or timbrel arch are here given 
for the purpose of illustration.44 
This passage thoroughly documents the methods of installation used for simplified 
Guastavino vaults, but raises a number of questions. First, the paragraph does not define if the 
first-laid tile layer is considered to be a decorative or soffit tile. It does not, however, call 
attention to changes made to the innermost layer of tiles. This assumes that the first layer must be 
the decorative layer with no additional tile layers installed. Secondly, he does not address the 
treatment of the mortar at the seams between tiles on the innermost surface. Finish mortar 
typically was applied to the innermost joints (referred to here as “pointing mortar”), as evidenced 
in the field, but this is not stated in this passage. Finally, it is important to consider that Wight 
states how this discussion only addresses “the simplest conditions.” He addresses that this 
passage discusses techniques for a timbrel arch, with no discussion regarding a dome structure. 
This statement acknowledges that other methods used by the Guastavino Company may have 
differed greatly from this account.  These techniques could have been very different when used 
for domes or more complicated structures. This is memorialized in the third installment of the 
Brickbuilder article, which states that tile vaults for the floor system of the Arion Club (1886-
1887) were set with the first two courses of tiles bonded with plaster of Paris.45 
 Further explanation of techniques is offered in the third installment of the Brickbuilder 
article. One example of material changes to the structure can be found at the Arion Club (1886-
1887), a site where the Guastavino Company was hired to construct the floor systems. Instead of 
the first layer being installed with plaster of Paris, with successive layers installed with portland 
cement, the company used plaster of Paris for the first two courses. This was done because 
Guastavino reportedly had not been able to “put entire confidence in the portland cement he was 
using.”46 Because of this, five layers of tiles were installed per floor level of this building, to 
ensure the floors could carry safe loads.  
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 Wight also discusses the domes 
constructed by Guastavino. An 
example given is the dome at East 
Boston High School. He calls out the 
use of “skeleton centering, which is 
visible in the article’s photo, and the 
use of “permanent radial ribs,” large 
wings that buttress the dome and 
connect the Guastavino dome to the 
exterior wall (Figure 8). He also states 
that between the ribs, “a curved board 
was set for each course of tiles, and removed as soon as the second overlapping course had been 
set.”47 Further discussion of the use of formwork or role of these ribs is not included in this 
article and appears to simply demonstrate the number of techniques the Guastavino Company 
used for the construction of their buildings.  
3.2.2 Perrine, “The Construction of the Temporary Dome over the Crossing of the Cathedral 
Church of St. John the Divine” (1911) 
 In 1911, ten years after the Brickbuilder article was published, The New York Architect 
published an article entitled “The Construction of the Temporary Dome Over the Crossing of the 
Cathedral Church of St. John the Divine.” Due to construction delays, a temporary roof structure 
was required at the square crossing, which spanned 93’-6” on each side.  The crossing arches 
were 143’ tall, making the erection of a roof enclosure a difficult and expensive endeavor, due to 
the need for scaffolding. The Guastavino Company was selected to design and build this 
temporary structure.  The article was written by George Perrine, the Engineer in Charge of 
construction at St. John the Divine, describing the construction of the temporary enclosure at the 
cathedral’s crossing.   
 By the time the Guastavino Company was commissioned for the temporary structure, 
they had already been extensively involved with the construction of St. John the Divine, having 
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Figure 8: The "permanent radial ribs" Wight discusses in this article are 
visible surrounding the dome at East Boston High School. Brickbuilder 
(1901), 186. 




built the roof of the choir, floor systems, and ceilings.  The proposed temporary dome required a 
refined method of building due to the unique constraints of the arches at the crossing and the 
desire to use minimal scaffolding.  Perrine notes in the article that the method of construction the 
Guastavino Company used to build the dome was “a wide departure from any methods of 
construction of similar work,” emphasizing the unique application of formwork templates and 
scaffolding used in this project.48 
 The article discusses the materials used in the dome construction, identifying the use of 
plaster of Paris and an unidentified mortar. It outlines the sequencing of how tiles are laid, with 
the following:  
In laying the tile the first or inner course was set in plaster of Paris mortar, used on 
account of its rapid setting qualities. The first tile in any course of the inner surface of 
the work was well covered with mortar on the lower edge and one end, and these 
pressed firmly against the edges of the tiles in position, at the same time adjusting its 
inner face to the lines formed by the templates. Care was taken to lay each tile true 
with the preceding course, when they were held in position by the mason’s assistant 
until the second tile also jointed with mortar was set in position, when it was then held 
by the assistant for a short time until it was set strongly enough to stand alone. 
This operation was repeated for successive tiles until all of the masons working on the 
course reached the point where their neighbors commenced work; the course was then 
completed.49  
 The dome at the Cathedral of St. John the Divine remains an outlier within the context of 
other structures erected by the Guastavino Company, particularly with regard to construction 
methods. The span of this dome was unprecedented, requiring unique methods of installation. 
Scaffolding was built on top of the dome because constructing it from below would not be timely 
or cost-effective. In addition, this dome was never intended to be a permanent architectural 
element. Methods of tile installation were likely similar to other Guastavino structures, but 
Perrine does state that “the method of erecting [the dome] was quite novel.”50 The material of the 
structure comprises the same system of tiles, plaster of Paris, and mortar, but the dome was 
erected from cantilevered formwork, instead of typical centering.  
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3.3 Modern Literature 
3.3.1 Collins, “The Transfer of Thin Masonry Vaulting from Spain to America” (1968) 
 The founding modern document that recognized Guastavino vaulting as a construction 
typology was written in 1968 by Columbia University art history and architecture professor, 
George R. Collins. His article, “The Transfer of Thin Masonry Vaulting from Spain to America” 
in The Journal of the Society of Architectural Historians, discusses the evolution of thin masonry 
structures, tracing them as far back to early Egyptian structures.  He also extensively discusses 
the Guastavino Company, summarizing the company’s history and discussing the construction 
technology of tile vaults and how it differs from traditional thin masonry vaults.  In this article, 
Collins discusses the material make-up of Guastavino tile vaults, stating:  
The first soffit course is laid in plaster of Paris which is not weather resistant but 
offers an almost immediate bind [sic]. These soffit tiles, especially when a curved 
sequence of them is complete, will act as support for the backing layers which are laid 
in some less fragile and more weatherproof material like natural or artificial cement.51  
 Collins footnotes this description with a further explanation, referencing the 1901 
Brickbuilder article and a 1911 The New York Architect article, stating that the “courses of 
interlocked and overlapping tiles are simultaneously extended out into space.”52 The previous 
discussion of these two articles highlight the degree of simplification required to report the 
construction of Guastavino structures. Many elements of the material makeup discussions in both 
the 1901 and 1911 articles opened many questions that were not addressed.  
 It is important to note that the two articles he references characterize a brief period of 
time in the nearly 80-year history of the Guastavino Company. Despite this, his statement creates 
a blanket of uniformity regarding a system that likely evolved over time. It is also important to 
consider that the 1911 article Collins refers to focuses solely on the construction of the dome at 
St. John the Divine, previously noted as an outlier in many respects of typical Guastavino 
construction.  Despite this, it appears that the two sentences and footnote from Collins’ article set 
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the precedent for the belief of how Guastavino vaults were constructed, a belief which has 
perpetuated into much of modern research. 
 Though there may be shortcomings in the material assumptions Collins made, the 1968 
article established a basis of knowledge to understand the history of the Guastavino Company. 
The article outlines Rafael Guastavino Sr.’s arrival to the United States, the commissions for his 
early work, and the testing the company performed to assess structural capacity.  Here, Collins 
also outlines the establishment of the R. Guastavino Company and the role their factory played in 
the success of the company. He states that the height of the Guastavino Company occurred after 
the foundation of the factory and spanned to the 1930s, and introduces many notable structures 
constructed by the Guastavinos. The issue of this article sparked a heightened degree of interest 
for Guastavino structures in academia. Collins’ article was, and continues to be, regularly cited 
as one of the most extensive studies of the Guastavino Company. 
3.3.2 Fowler, “The Mark of the Builder: Rafael Guastavino’s Masonry in Asheville, North 
Carolina” (1991) 
 In 1991, an article by Ann Fowler was published in The Journal of the Southeast Chapter 
of the Society of Architectural Historians, entitled “The Mark of the Builder: Rafael 
Guastavino’s Masonry in Asheville, North Carolina.” The paper primarily focused on three sites 
constructed in Asheville: the Biltmore Estate (1888-1895), the St. Lawrence Church (1905-
1909), and the Guastavino Estate (1895). Fowler states in her introduction that the vaulting 
system used by the Guastavino’s involved “[setting] the soffit course in quick-setting plaster, 
often on top of a rounded template used to keep the curvature of the vault consistent.”53 Fowler’s 
discussion of this first tile layer differs from the Collins article, calling into question the varied 
methods of construction.   
3.3.3 Milkovich, “Guastavino Tile Construction: An Analysis of a Modern Cohesive 
Construction Technique” (1992) 
 The 1992 master’s thesis by Ann Milkovich, “Guastavino Tile Construction: An Analysis 
of a Modern Cohesive Construction Technique,” investigates conservation issues typically found 
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in Guastavino structures. The thesis focuses on understanding the material and design of 
Guastavino vaults and domes, and identifying the effects of displacement and moisture 
infiltration of these structures. With regards to the material assembly, the thesis extensively 
references the Collins 1968 article and Rafael Guastavino Sr.’s 1893 Essay on Cohesive 
Construction. Milkovich first outlines the essay with the following:  
With the cohesive system a light frame guide was used to assist in the placement of 
the first course of tiles. When the mortar had set, the construction would continue as a 
self supporting system. The tiles used were laid flat in layers of distinct patterns, 
herringbone for vaults and concentric circles for domes, adding to the strength and 
durability of the system.54  
This is the first research example that addresses the pattern of the first course of tiles, 
providing insight into the finish of the innermost tile layer. It does not, however, address the use 
of herringbone-patterned finish tiles in dome structures, which can be found in many examples 
of Guastavino domes. Milkovich goes on to discuss the material make-up and construction 
sequencing of Guastavino structures. She states that the construction of either a vault or a dome 
began with tiles set “in the correct position along a wooden guide with plaster of Paris.”55 
Subsequent layers of tile were placed with a portland cement mortar using the prior courses as 
formwork.  
Milkovich also states that “to give added strength to the vaults and to protect the mortar, 
the joints of the previous layer were overlapped at a 45 degree angle.”56 She attributes this 
installation method to the Guastavino’s distinctive herringbone pattern. This discussion seems to 
be an inaccurate explanation of the assembly. This passage suggests that structural tile layers 
installed above the soffit layer were installed in a herringbone pattern at 45°. Field and archival 
evidence do not support this claim. As additional layers of tiles were installed, tiles would lap 
over the joints of layers below, in order to provide reinforce the joints below. These tiles would 
be laid in concentric circles surrounding the dome, or laid in rows for vaults. This is a very 
different method than the herringbone pattern typically observed on the soffit layer of ceramic 
finish tile vaults and domes. It is unclear what source Milkovich uses to make this claim, but it 
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demonstrates the lack of information and clarity regarding the construction and assembly of 
these structures.   
3.3.4 Link, “Guastavino Tile Construction: History and Restoration” (1995) 
 In 1995, the master’s thesis, “Guastavino Tile Construction: History and Restoration,” 
was written to document issues and solutions found in the process of restoring Guastavino tile 
structures. The goal of the thesis, written by Karen Link, was to identify historic construction 
practices and current methods of restoration.  Link catalogs the evolving history of the 
Guastavino Company’s construction methods as well as business ventures and development. She 
synthesizes articles previously discussed to create a more cohesive narrative, drawing heavily 
from Collins’ and Fowler’s articles, as well as historic documents and articles.  
 A chapter of this thesis is dedicated to the construction techniques and types employed by 
the Guastavino Company. Link cites both Guastavino Sr.’s Essay and Collins’ article in 
describing the typical technique of building vaults and domes. She similarly cites the use of 
minimal formwork, with the first tile course set with plaster of Paris and held in place by a 
mason or mason’s assistant.57 She states that the second or third course would be laid “a strong 
cement mortar mixture such as portland, Rosendale, or natural cement.”58   
 Link goes on to discuss a number of different types of structures. These include but are 
not limited to timbrel vaults (low vaults that could span long distances), cross vaults (vaults 
supported on ribs, sometimes referred to as “domes” in Guastavino promotional literature), and 
ribbed groin vaults.  For the construction of domes, tiles were laid in concentric layers, with 
additional tile layers installed at the base of the dome “since loads are transmitted down to the 
outer and lower rings to the pendentives which transmit the loads to the walls.”59 She also 
discusses the dome at St. John the Divine as being a “particularly illustrative” example of 
Guastavino dome construction.60  It is important to recall the earlier discussion of the 1911 New 
York Architect article which distinguished this particular dome as a unique example of 
Guastavino construction methods. A critical component of this discussion is that Link identifies 
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that no Guastavino records indicate how these various structures were constructed. A document 
she references, written in 1947, discusses the system of wooden templates and string used in 
traditional Catalan construction, but this document does not directly address the methods used by 
the Guastavino Company. 
3.3.5 Lane, “Putting Guastavino in Context: A Scientific and Historic Analysis of his 
Materials, Methods, and Technology” (2001) 
 In 2001, the master’s thesis, “Putting Guastavino in Context: A Scientific and Historic 
Analysis of his Materials, Methods, and Technology,” conducted material analysis of the 
multiple portland cement mortars from Guastavino vaults and domes. The thesis analyzes and 
compares mortars from multiple Guastavino projects, however it is focused on assessing the 
bedding mortar. During the period of the Guastavino Company, consistent, high-quality portland 
cement mortars were not yet established. In the late nineteenth and early twentieth centuries, the 
use of portland cements largely replaced the use of natural cements in the United States, and 
their compositions were rapidly evolving.61 Lane asserts Rafael Guastavino Sr. as an expert in 
these mortars with an intimate understanding of portland cement composition and the desired 
properties for Guastavino vault construction.  
Lane poses that the Guastavino Company used “some kind of special additive in his 
mortar or had some sort of secret recipe” for their mortars.62  The thesis investigates this myth by 
identifying the composition of mortars at multiple sites and assemblies. To evaluate the mortar 
composition of Guastavino structures, Lane collected mortar samples from nine different 
buildings constructed over a forty-one-year period. Multiple structural types were sampled to 
determine if bedding mortar compositions varied. Samples were evaluated via wet chemical 
testing and polarized light microscopy. From these samples, it was determined that most mortars 
contained aggregate that were similar in size and shape, but did not appear to have a consistent 
cognizance regarding sand quality. In some conditions, particularly at structural conditions, 
aggregate was absent. One sample identified natural cement mortar, but all other samples 
identified a variety of portland cement mortar compositions.  
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The findings of this thesis demonstrate that Guastavino experimented with materials, 
particularly with mortars, but was also restricted by material availability. The samples 
demonstrate the variety of mortar compositions used throughout the company’s history, but 
determine the need to perform further testing and analysis to understand the mortars used by the 
Guastavino Company.  
3.3.6 John Ochsendorf, Guastavino Vaulting: The Art of Structural Tile (2010) 
 The first major book regarding the Guastavino Company, aside from Rafael Guastavino’s 
Essay on Cohesive Construction, was published in 2010 by John Ochsendorf, professor of 
architecture and engineering at the Massachusetts Institute of Technology. The book extensively 
discusses various resources for many facets of the Guastavino Company, compiling the research 
of many scholars with the site work and personal research performed by the author himself. It 
chronicles the history of the Guastavino company, placing significant buildings in the context of 
the company’s evolution, underlining notable developments and their effect on the Guastavino 
Company. This includes the role of the Woburn Factory, the introduction of graphics statics to 
the company’s design methods, and an inventory of technological developments. It also 
discusses the influence of the construction of St. Paul’s Chapel on the engineering and design of 
later vaults and domes.  
 As the Guastavino Company received more commissions, the patterns of the finish tiles 
became progressively more sophisticated. Ochsendorf states that by 1910, these patterns were 
assembled by installing the soffit finish tile layer last.  He outlines this phasing with the 
following: 
(1) the first layer was built with fast-setting plaster of Paris to minimize formwork; (2) 
a second layer of tile was added on top with portland-cement-based mortar; (3) a third 
layer of finish tile was added from below, again with portland cement mortar; and (4) 
the joints were finished from below with an extruded portland cement mortar.63 
 This statement builds upon Collins’ 1968 article by describing the “mature” assembly 
methods of installing the finish tiles.64 It still follows the narrative that the first tile layer is 
assembled with plaster of Paris.  While this may be applicable in some instances, it is important 
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to recognize that product development and experimentation is evident throughout the Guastavino 
Company’s history. The variety of geometries and finishes demonstrate a number of methods of 
construction. Literature does not reflect this.  
 
3.3.5 Review of Literature 
 It is important to consider that while there is an extensive body of published knowledge 
regarding this topic, the buildings constructed with Guastavino vaulting are physical evidence of 
the methods of construction and materials used, rather than the possibly inaccurate and 
simplified descriptions illustrated in this chapter. In Rafael Guastavino Sr.’s publications, he 
makes broad statements about materials. The Guastavino Company’s patents demonstrate 
constant experimentation and product development, but do not address the nuanced geometries 
of various structures. Secondary sources, particularly the historic articles, describe the basic 
construction technique. These sources, however, acknowledge the complexities and unique 
nature of Guastavino vaults and the difficulty in describing methods of construction. 
Collins’ article in 1968 spurred a renewed interest in Guastavino vaulting. The company 
was largely forgotten during the Great Depression, World War II, and beyond. As the company 
was closing its doors, he collected information and began to piece together the history of the 
Guastavino Company. Subsequent works build upon Collins’ work and are good references, but 
do not reveal much about the construction and assembly of Guastavino vaults. Ochsendorf’s 
book in 2010 compiles even more information about the Guastavino Company, chronicling the 
company’s development and contextualizing projects throughout the company’s history.  
The statements made by Collins in 1968 are threaded throughout the literature regarding 
Guastavino vault assembly. The passages in other literature consistently cite his article, outlining 
the use of plaster of Paris at the first layer of tiles. Some sources reference the use of minimal 
formwork. Some discuss the use of light-weight, moveable framing, whereas others suggest that 
a mason’s assistant would hold the first tile layer in place until the plaster of Paris set. All 
reference the minimal use of formwork. The tile layers above this initial layer suggest the use of 
different mortar types. Typically, portland cement is noted as the mortar for these layers, but 
some passages suggest the use of natural cement. Given the vast degree of simplification noted in 
each of these descriptions, it questions the basis of understanding regarding the Guastavino vault 
assembly.   




Chapter 4: Material Review 
 
Guastavino vaulting systems can be broken down into two basic categories of materials: 
tiles and mortar. The literature indicates that the company constructed vaults using a combination 
of mortars: one pure gypsum and the other a portland cement and sand mix. This section 
chronicles the development of tiles and discusses their general properties. To contextualize the 
mortar choices of the Guastavino Company and understand the significance of different mortars, 
this chapter provides a background on the properties of select mortar types.  
 
4.1 Tiles 
Guastavino vaults and domes can be categorized as finished or rough masonry.  Rough 
masonry vaults and domes were left with the structural tile exposed. Guastavino’s earliest domes 
and vaults, built when the firm was building fire-proof floor assemblies, were almost all rough. 
In spaces that were not accessible to the public, they were left unfinished. In locations where 
rough masonry structures were exposed to the general public, Guastavino vaults were typically 
concealed behind dropped plaster ceilings or plastered on the intrados.    
Rough masonry vaults were constructed throughout the history of the company. Finished 
structures were erected after 1889, following the construction of the Boston Public Library. As 
noted in Chapter 1, these finishes consist of either ceramic finish tiles, acoustic tiles, or mosaics 
installed at the soffit layer. The known properties, in addition to the evolution and manufacturing 
of these tiles are discussed below.  
4.1.1 Structural “Rough Masonry” Tiles 
The primary tile type used by the Guastavino Company was a terra cotta structural or 
rough masonry tile. Every vault or dome constructed by the Guastavino Company is built of 
mostly structural tiles, providing the primary means of support for the structures. This type of 
construction was particularly marketable during the late nineteenth century as the result of the 
growing social and professional concern for fire prevention in the United States.65  
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Rough masonry tiles are typically corrugated on both faces. These tiles generally range in 
size from 6” wide x 12” to 24” long. Patents indicate that the edges of these tiles had a flange 
along to create a shelf for each adjacent tile to engage with and hold mortar in place.66 
Corrugation profiles of these tiles varied over time, likely as a result of experimentation and 
application for different construction types.  Little research addresses the geometries and 
development of rough masonry tiles.67  
A number of profiles were observed at various sites (Figure 9). Corrugation profiles 
appear to have varied depending on the type of structure. Of the tile profiles shown, all but the 
St. John the Divine crypt tiles were manufactured in the Woburn factory. The range in profiles 
from wide, deep toothing to shallow wave corrugations suggest ongoing experimentation with 
products developed by the Guastavino Company. If tile profiles were constantly modified, it 
seems possible that the Guastavino Company was simultaneously experimenting with 
construction sequencing. The strength of Guastavino vaults relies on the cohesion of tile and 
mortar; given the variety of rough masonry tile profiles, it seems clear that some surfaces were 
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67 Ann Fowler’s “The Mark of the Builder” briefly discusses tile geometries, but the study is limited to three sites in 
North Carolina. The focus of the discussion is on decorative ceramic finish tiles and does not acknowledge the 
geometries and profiles of rough masonry tiles.  
Figure 9: A collection of rough masonry tile corrugation profiles. 




4.1.2 Finish Tiles 
Ceramic finish tiles are one type of decorative soffit tile. Ceramic tiles range in size from 
small 4” x 4” to larger 6” x 12” tiles, and are typically ¾” thick.68  Tiles are either glazed or 
unglazed terra cotta. Glazes of any color could be applied to these tiles.  The process of 
manufacturing glazed ceramic tiles is outlined by the following production directions from 1939: 
“(1) Moistened New Jersey raw clay [is] shoveled into pulverizer, (2) dry [press] the 
pulverized raw clay, (4) [remove] tile from kiln and [sort] for different sizes, (5) hand 
[dip] tile to put on glaze, (6) front end of one of the tunnels in the glazing kiln fired 
with oil, (7) [cut] the tile in a semi-dry state.”69 
A variety of surfaces provided for increased customizability of the tiles. Surfaces can be 
smooth, corrugated, or ornamented with different impressions, such as a grapevine or cross as 
seen at St. Paul’s Chapel (Figure 10). The non-decorative surface of the ceramic tile is typically 
either smooth or corrugated, like the rough masonry tiles. Corrugated surface profiles of ceramic 
finish tiles, like rough masonry tiles, can vary from building to building. In some cases, non-
decorative surfaces have the Guastavino Company’s logo embossed on the back of a ceramic 
finish tile. The general use of smooth or corrugated surfaces 
on the rear face of tiles appears to change from building to 
building, and from application to application. At St. Paul’s 
Chapel, the ceramic tiles in the main and apse domes are 
smooth faced on both sides. Some of the decorative “cross” 
tiles have shallow-wave corrugations on the non-decorative 
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Figure 10: Ornamental ceramic finish tiles 
at the window opening of St. Paul's Chapel. 
Photo from July 2019. 




face of the tile. This variety of tile profiles supports the use of multiple application methods. 
Finish tiles could be laid in a variety of patterns, such as the distinctive herringbone 
pattern. These tiles function as both a structural and decorative system; they perform as a 
structural and fireproof layer of the vaulting as a part of Guastavino’s “cohesive” system, while 
simultaneously creating an awe-inspiring interior. Finish tiles could also be adhered to the 
surface of a completed structure as a high-relief finish. Examples of this can be found at St. 
Paul’s chapel in the ornamental wreaths at each window head in the main dome (Figure 11).  
In an undated Sweets Catalog advertisement, the arcade of the 79th Street Rotunda in 
New York, New York, is cited as using these Texture Tiles (Figure 12). Little has been written 
about “Texture Tiles” and the Sweet’s Advertisement appears to be the only known record of 
this tile type.  
Figure 11: Section drawing of the main dome at St. Paul's Chapel by the Guastavino Company. The notations regarding the 
"ornamental" tile and "ribbed" both reference the use of ceramic finish tiles. Source: Avery Archives. 




Another unique tile form are 
“Art Tiles.” These appear to have 
only been used on eight projects, 
ranging from 1910 (the Della Robbia 
Room at the Vanderbilt Hotel, New 
York, NY) to 1932 (Nebraska State 
Capitol, Lincoln, NE).70 Art Tiles 
were highly ornate tiles with 
decorative colored glazes and high 
relief moldings. Many of these tiles 
were installed for non-vault 
applications, and instead were installed as wall ornamentation, flower boxes, or fountain décor.71 
While these tiles do not hold a significant part of the company’s history, they are notable 
developments with regards to tile glazes and ornamentation.  
4.1.3 Acoustical Tiles 
Rumford tiles are a type of acoustical, ceramic tiles developed by the Guastavino 
Company between 1912-1914. This tile was made in response to the undesirable acoustic 
properties of standard ceramic finish tiles used for the soffit tile layer. Rafael Guastavino Jr. and 
Wallace Clement Sabine, a Harvard physicist often recognized as the founder of modern 
architectural acoustics, patented the Rumford tile in 1914. It was produced from a mixture of 
25% clay, 10% feldspar, and 65% “vegetable-bearing earth,” which was burned during the firing 
process to create an interconnected pore structure that would absorb sound.72 The Rumford tile 
had nearly six times the absorption ability of a typical masonry unit, such as brick.73 
While these tiles paved the way for acoustical design, they proved to be economically 
infeasible. It was difficult to manufacture a uniform tile composition that had an acceptable 
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density, color, and porosity. Few examples of this type of tile can be found, a testament to the 
experimental quality and lack of success of this product. This tile did, however, precede further 
experimentation with acoustical tile, ultimately followed by the development of Akoustolith.  
Akoustolith was the second development of an acoustical finish tile developed by the 
Guastavino Company and Sabine, with improvements to material and manufacturing. This tile 
was patented in 1916, but was in production beginning in 1915. With this, Guastavino developed 
a mortar, also called Akoustolith, to use for the installation of these tiles. Unlike the Rumford 
tile, which was a ceramic product, Akoustolith was made of cast stone. Akoustolith had an 
interconnected pore structure, like the Rumford tile, but instead of using earth, sands and other 
aggregates of uniform size were used. This aggregate was mixed with a white portland cement. 
The result was a lightweight, sound-absorbing tile.  
The Akoustolith tile, in comparison to the Rumford tile, was a much more successful 
product. Tiles could range in size but were typically 6” x 3” x 1”.74 In addition to having superior 
sound absorption and durability, the manufacturing of Akoustolith was more predictable. Size, 
color, and texture could be better controlled based on the aggregate and cement used. Sound 
absorption was also more easily regulated in production. The success of this product is evident in 
the many buildings that used Akoustolith tiles, particularly in ecclesiastical and industrial spaces 
from the 1920s to the 1940s. It is necessary to note that while the Akoustolith tiles did succeed in 
managing acoustics for the spoken word, musicians noted that Akoustolith absorbed too much 
sound, preventing any reverberation. Many of these structures have since been modified by 
sealing the surface, to create a more ideal sound quality for musicians.75 
Akoustolith tiles are notably less dense than ceramic or structural tiles due to their 
increased porosity. In the patent for these tiles, it states that the material is “capable of sustaining 
a considerable crushing load,” however the properties are not discussed further.76 Though the 
patent acknowledges the structural properties of the tile, it seems likely that given the light-
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4.1.4 Tile Summary  
The evolution of tile types, and the individual geometries of tiles themselves, demonstrate 
the constant change in products developed by the Guastavino Company. The multiple profiles of 
structural tile create evidence that considerable experimentation was performed to find the most 
effective and efficient tile geometry. This is further emphasized when examining the profiles of 
ceramic finish tiles, both for plain tiles, and highly decorative ones. As was noted at St. Paul’s 
Chapel, the decorative cross tiles had a corrugated surface on the rear side of the tile, when 
comparatively the dome finish tiles had a flat surface.  
The placement of different decorative tiles within the assembly of the vault or dome 
should be considered when evaluating the tile surfaces. If the surface of the dome finish tiles did 
not have any corrugations, it does not seem likely that the tiles were adhered to the intrados of 
the structural rough masonry structure. Without corrugations to create a mechanical attachment 
between the finish tile and mortar, it would be difficult to keep the tile in place. This can be 
compared to the decorative cross tiles. The corrugation patterns on the back side of these tiles 
exhibit the mechanical attachment required for the tile to stay in place. From this analysis, it is 
clear that when evaluating various tile types, the methods of assembly and geometries of tiles 
must be individually considered.  
 
4.2 Mortar 
The purpose of mortar is to create adhesion between two units. The components of 
mortar are binder, aggregate, and water. Binders can be plaster, lime, natural cement, or portland 
cement. When binders and water are combined without aggregate, they are referred to as a 
“paste.” Aggregates, such as gravel, crushed stone, or sand, are primarily added to resist 
shrinkage. The ratios of various binders, aggregates, and water affect the general properties of 
different mortars.  The set time and strength properties of these mortars is affected by these 
ratios. Other properties, such as mortar elasticity, plasticity, and water retentivity are important 
when considering the properties of different tiles and their assemblies. 
Mortar plasticity measures the workability of a material when water is added. Mortar 
loses plasticity when it is applied to another surface, such as a tile. As the surface absorbs water, 
the plasticity of the mortar decreases. Water retentivity is a plastic property that is especially 
important property to consider with respect to Guastavino construction. Without water 




retentivity, mortar will have poor plasticity and workability, making it difficult to work. This 
property measures the ability for the pores in the tile units to draw moisture and pull the binder 
into the pores. A mortar that gives up too much water to a “thirsty” tile is not ideal; a tile that is 
not thirsty enough is also a problem with mortars that give up both too little and too much water. 
This relationship between tiles and mortar illustrates that not all mortar types are suitable for all 
tile types and application methods.   
In the Essay on the Theory and History of Cohesive Construction, Guastavino cites his 
need for a reliable, consistent, high-strength, and fast-setting cement-based mortar, but 
repeatedly states that a mortar of this kind does not exist.77 To comparatively review the general 
properties of different mortar types, this author referenced Cements, Limes and Plasters: Their 
Materials, Manufacture and Properties written by Edwin C. Eckel in 1905.78 This resource 
compiles data on historic cementitious materials, detailing their raw material composition, 
chemistry, and processing techniques. It also includes data on structural properties of these 
materials. This section reviews the following mortars: gypsum (plaster of Paris), lime, natural 
cement, and portland cement. Table 1 below compares the properties and general characteristics 
of different mortars and pastes.  
4.2.1 Selecting Material Types 
When selecting a mortar type for construction, it is important to consider both the plastic 
and hardened properties of each material. The tile types and specific construction sequencing 
will demand specific plastic properties and limit the types of mortar or paste that might be 
appropriate for the construction. These properties include workability board life, adhesion, water 
retentivity, and set time.  Hardened properties include the tensile and compressive strength, bond 
tenacity, absorption, elasticity, and volume stability. These properties are critical to proper 
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Table 1: Qualitative characteristics of mortar that pertain to Guastavino vault or dome assembly. Data was assembled in reference with Eckel's Cements, Limes and Plasters and 
in consultation with John Walsh, a construction materials scientist. Values of mortar will vary, both historically and in different mixes.  The qualitative data points above are 
included for comparative purposes to illustrate the characteristics used in the selection and application of mortar types.










FACTORS RELATED TO 
GUASTAVINO 
CONSTRUCTION 
Gypsum (neat) minutes medium-high low high medium 
water sensitive Gypsum mortar 
(1:3 sand) 
minutes medium-high low high medium 
Non-hydraulic 




(very) low high high high 




week(s) low-medium high high high 
high shrinkage;  








hour medium moderate-high low-medium medium  
Portland cement 
paste (neat) 
hours high low low low 
high strength Portland cement 
mortar (1:3 
sand) 
hours high low low-medium low 




There are many conflicting interests with regards to mortar selection. This table can be 
used to identify the advantages and disadvantages of different mortars. Based on the location of 
installation, some applications require a quick-setting mortar with relatively high tensile strength. 
For example, gypsum would not be appropriate for outer shell construction when there is an 
expectation for water leakage. This would be appropriate for protected structures, such as interior 
vaults. Gypsum is applicable as a setting mortar at the first tile layer when a fast set is necessary. 
This potentially limits the use of centering. Formwork, a less extensive means of shaping and 
constructing the vaults, could be in used in lieu of centering. Lime mortars, by comparison, 
cannot be used for a fast-setting application without the use of centering. Similarly, pointing 
mortar would require a slower set time in order to be formed into a molded shape.  
Tile construction above the first layer could accommodate a slower setting mortar, but 
one that would still require a relatively high compressive strength. Portland cement mortars offer 
this high strength; however, these mortars also have low plasticity and water retentivity. Because 
of this, they likely could not be used to support soffit tiles from below, as noted in the 
Ochsendorf-model of assembly.  Portland cement also has a slower initial set time than other 
materials used by the Guastavino Company.  
Table 1 illustrates the qualitative properties of pure binder types, but does not 
acknowledge the properties of different mixes. A variety of mortars not discussed in this table, 
such as gypsum-lime mortar or portland cement-lime mortar, complicate these qualitative values. 
While this thesis focuses on the sequencing of construction, the properties of tiles and mortar are 
important factors in deconstructing the assembly of Guastavino vaults. Guastavino vaults and 
domes are complex structures with seemingly simple materials. This complexity makes the 
simple narratives, which are perpetuated in literature, harder to support. It is evident from the 
discussion in this chapter that extensive knowledge was required to understand the physical and 
chemical performance of various mortars, particularly with relation to different tiles and tile 
geometries.  
  




Chapter 5: The “Good, Honest, Logical and Truthful Construction” of St. Paul’s Chapel 
 
St. Paul’s Chapel is notable for Guastavino construction from both from a historical and 
preservation perspective. The construction of the chapel, between 1904 and 1907, fell at a 
transitional point for the Guastavino Company. St. Paul’s Chapel was the first structure by the 
Guastavino Company to be assessed and designed with the assistance of a structural engineer, 
who performed graphics statics calculations to evaluate load capacity of the dome. This type of 
analysis revolutionized the design techniques used by the Guastavino Company and led to their 
involvement in many notable structures throughout the United States.  
St. Paul’s Chapel was also the catalyst for the study of Guastavino structures as a subject 
of preservation and architectural history. In 1961, Columbia University professor, George R. 
Collins, was inspired by the Guastavino dome in the chapel during a memorial service and 
sought to find out how the domed structures were made. He discovered the Guastavino 
Company, on the brink of closing the doors to the Woburn factory, and ultimately collected the 
remaining company documents from them as the company dissolved.  
The restoration of the chapel in 2017-2019 coincided with the author’s time on campus. 
This provided a unique opportunity to access the Guastavino dome up-close and first hand. 
Archival drawings and project specifications were consulted to contextualize the observations 
made during the restoration.  
 
5.1 St. Paul’s Chapel 
St. Paul’s Chapel is located on the Columbia University campus at Amsterdam Avenue 
and West 117th Street in New York, New York. It is a four-story, cruciform plan building with 
an expansive dome over the crossing. The building’s exterior is clad with a dark red, Flemish-
bond brick with limestone trim, and marble and terracotta accents. The dome is marked with 
sixteen arched windows, and is capped with Ludowici terra cotta roof tiles. At the roof peak is an 
ornate terracotta lantern. On the front (west) elevation is a recessed portico, with ceilings 
constructed with white Guastavino tiles laid in the signature herringbone pattern.   




The interior of the chapel comprises 
a salmon-colored, running bond Roman 
brick with ornate terra cotta and marble. The 
ceilings are built entirely in burnt-orange 
Guastavino tiles, laid in a herringbone 
pattern with white decorative accent tiles. 
The interior of the dome is also built with 
Guastavino tiles, laid in a herringbone 
pattern, and punctuated by arched windows 
around the dome perimeter. The dome 
consists of two shells: a decorated interior 
dome and an exterior dome to support the 
roof and lantern. The site was designated as 




5.2.1 Isaac Newton Phelps Stokes 
Though the university master plan and most of Columbia’s Morningside campus was 
designed by McKim Mead and White, St. Paul’s Chapel was designed by Isaac Newton Phelps 
Stokes, of the architectural firm Howells & Stokes. The chapel was gifted to the university in 
1904 by Stokes’ aunts, Caroline Phelps Stokes and Olivia Egleston Phelps Stokes, who requested 
his commission.79 The building was one of the earliest commissions for the young architect and 
is widely considered to be his masterpiece.80 
 
 
79 Andrew S. Dolkart, Morningside Heights: A History of Its Architecture and Development (New York: Columbia 
University Press, 1998), 173.  
80 ibid. 
Figure 13: Interior of St. Paul's chapel, facing east. Photo taken in 
October 2019, following the completion of the chapel restoration. 




Howells & Stokes designed the chapel under the review of McKim Mead and White, who served 
as the campus architects. Stokes was required to work within the constraints of the McKim 
master plan in the design of the chapel. The chapel has a cruciform plan and the overall plan was 
determined by the four corners of the adjacent buildings (only three of which were built) (Figure 
14). Stokes designed a Byzantine Italian Renaissance church that met the site and material 
requirements of all university buildings.81 For the interior, Stokes desired for the chapel to be of 
“good, honest, logical, and truthful construction.”82 
By 1904, McKim Mead and White had established 
a close relationship with the Guastavino Company, 
using their vaulting extensively in other buildings. 
Stokes’ goals for the interior closely aligned with 
the structural and aesthetic abilities of Guastavino 
vaulting, and the McKim-Guastavino relationship 
likely led to the extensive Guastavino work now 
found in the chapel.  
In a letter from 1904, Stokes describes the 
design as a simple plan, “introducing only such 
elements [that] serve some distinct purpose, either 
structural or useful. [...] While the composition of 
the plan is simple, it contains, we believe, a 
sufficient number of elements to produce an 
architectural treatment which is interesting enough 
to require but little decorative treatment.”83 He 
goes on to describe the selection of the vaulting, which depicted “logical, scientific and 
economic construction,” noting that this type of construction is “particularly well suited to the 
 
 
81 Dolkart, Morningside Heights, 174. Morningside Heights provides an extensive discussion of I. N. Phelps Stokes’ 
role in the design of the chapel and provides a chronology of the chapel’s construction.  
82 Letter from Stokes to Pine on June 10, 1904, Box 12 Folder 145, Chapel Columbia University Collection, 
Drawings and Archives, Avery Architectural & Fine Arts Library, Columbia University.  
83 ibid. 
Figure 14: Plan of St. Paul's Chapel with adjacent 
buildings shown. Source: Avery Library.                  




Guastavino tile, which we have used 
throughout in the construction of the 
dome, vaults, pendentives, and even in 
the construction of the main floor and 
stairways.”84  
When we examine the structure 
today, the chapel is almost entirely built 
with Guastavino vaulting. Guastavino 
vaults are used as the primary structure 
of the floor systems, staircases, low 
vaults, the apse dome, and the main 
dome at St. Paul’s (Figure 15). Stokes 
was a young, inexperienced architect. 
The exhaustive use of Guastavino tiles 
in the chapel emphasizes the role the 
company had in the design. Limited 
evidence, however, is available to 
measure the extent of this role.  
5.2.2 Guastavino Design 
A cross section drawn by the Guastavino Company on May 9, 1905 provides some 
insight into both the structural and aesthetic design of the dome, and other vaulting in the chapel 
(Figure 16). The section reveals the low-vault geometry of the ceiling/floors of the passageways 
at the first level, constructed of two layers of tile. The geometry of the vaulting to support the 
gallery seating on the second level is also clear, with three layers of tile installed. Each vault has 
concrete fill above. Above these vaults is the triforium.  The ceiling of the triforium is 
constructed with two layers of tile supporting a small barrel arch at the base of the dome. Above 
the triforium is an installation of tiles, with three layers installed vertically and at a 60 degree 




Figure 15: Elevation/Section drawing by Howells & Stokes, published in 
The American Architect and Building News (1907). Source: Avery 
Library. 




The double dome springs from the inner and outer planes of the window openings. At the 
base, the two domes are 27 inches apart and at the peak of the domes, they are 6 feet apart.85 The 
outer dome has a radius of curvature of 28 feet -3 inches to the innermost tile. It comprises three 
courses of tile, with a “porous” tile at the extrados. Additional layers of tiles are added both at 
base of the dome, above the brick corbelling abutment, and at the peak of the dome where the 
terra cotta lantern rests.86 The drawing also depicts a 12 inch wide by ¾ inch thick band 
encircling the base of the outer dome, per the New York City Building Department, who had 
limited understanding of the thrust of the Guastavino dome.87 
The inner dome has a radius of curvature of 23 feet-7 inches, comprising three tiles at the 
spring of the dome. Partway up the dome, it recedes to two tiles thick. At the peak of the dome, 
four tile layers are installed to offset the load of the decorative terra cotta and the lantern. A 
buttress is shown connecting the two domes, with a note to be “placed at each corner of drum.”88 
In this drawing, Guastavino also calls out the tile finishes and refers to the assembly of 
ornamental tiles. He calls for herringbone “ribbed” soffit tiles.  
The drawing also shows horizontal bands of the same ribbed soffit tiles and ornamental 
tiles encircling the dome. The drawing details the horizontal ornamental tiles as projecting out ¼ 
inch from the face of the soffit tiles. In his manuscript, Guastavino reflected on the importance of 
the horizontal bands on the assembly of the dome:  
The first attempt to use this tile in an architectural treatment to any extent in 
combination with unglazed terra cotta on any large scale was the Chapel at Columbia 
University, New York City. The tile were laid herringbone as usual, and generally 
throughout interlaced with horizontal bands of moulded tile, which serve the double 
purpose of an architectural feature and of being able to start the herringbone again 
without the necessity of using smaller tile, which would be required if the same 
method of laying was used continuously to the crown of the dome.89   
 
 
85 William H. Goodyear, “The Columbia University Chapel,” Brickbuilder 15 (December 1906): 267.  
86 In a letter to Stokes on July 1, 1904, Guastavino suggests corbelling the brick “so the wall cannot gravitate on top 
of the said small barrel arch; in the same way can be corbelled the upper brick wall below the top ring first referred 
to.” This is indicative of his involvement and experience in the design process. Letter from Guastavino Sr. to Stokes 
on July 1, 1904, Box 2 Folder 22, Chapel Columbia University Collection, Drawings and Archives, Avery 
Architectural & Fine Arts Library, Columbia University.  
87 Goodyear, “The Columbia University Chapel,” 263.  
88 “½” Cross Section” 1963.002.01828, May 9, 1905, Guastavino Archives, Architectural Drawings Series I, 
Drawings and Archives, Avery Architectural & Fine Arts Library. It is not clear how the spacing and installation of 
these buttresses was determined, as there is no corner in a spherical structure. 
89 Rafael Guastavino Jr., manuscript, 18-21, as cited in Ochsendorf, Guastavino Vaulting, 96. 






Figure 16: Cross Section of Chapel, 
drawn by R. Guastavino Company 
on May 9, 1905.  
1963.002.01828, May 9, 1905, 
Guastavino Archives, Architectural 
Drawings Series I, Drawings and 
Archives, Avery Architectural & 
Fine Arts Library. Image courtesy of 
Avery Archives.  




As the curvature changes at the peak of the dome, the tile geometry and placement must 
accommodate the shape. By installing these horizontal bands, the tiles could be reset and there 
could be control over the herringbone pattern (Figure 17). This shows the close relationship 
between the design and execution of constructing the domes. The aesthetic of the structure is 
expressed in the physical limitations of the tiles and dome geometry. This coincides with Stokes’ 
design intent to maintain truthful construction.  
 
5.2.3 Structural Analysis 
On July 24, 1905, Stokes wrote to the Guastavino Company requesting that calculations 
be performed to determine the load capacity of the main dome.90 A seven-ton terra cotta lantern 
was to cap the building and Stokes wanted to ensure that the 3-inch-thick tile system would 
 
 
90 Letter from Stokes to Guastavino on July 24, 1905, Box 2 Folder 22, Chapel Columbia University Collection, 
Drawings and Archives, Avery Architectural & Fine Arts Library, Columbia University.  
Figure 17: Horizontal bands throughout the dome allowed the masons to reset the herringbone tiles. Photo by Derek Trelstad, 
March 2019. 




support it accordingly. To perform this analysis, Howells & Stokes employed the structural 
engineer, Nelson Goodyear. Prior to this endeavor, Guastavino structures were not designed 
using any structural calculations. They simply relied on traditional techniques, past experience, 
and intuition. 
Only three letters in the R. Guastavino Company archives at Avery Library acknowledge 
Goodyear’s involvement with the project: one from Stokes proposing that Goodyear undertake 
the calculations, a response from Guastavino Jr. accepting this proposal, and an update from 
Stokes when the dome calculations were near completion.91 In the final letter, Stokes outlines the 
necessity of constructing the outer dome with four courses of tiles laid in cement. The inner 
dome, he states, requires at least two courses laid in cement, adding that “if the inner course 
cannot be properly pointed with cement, there will have to be a third course.”92 This letter also 
states that the calculations were determined with the assumption that typical Guastavino 
construction weighs 180 pounds per cubic foot (pcf).93 
The Final Stress Diagram is the only surviving document that details Goodyear’s 
structural assessment of the dome.94  It employs the method of graphic statics, a popular method 
of structural analysis in the early twentieth century.95 The diagram assesses the forces exerted by 
the lantern and self-weight of the dome, measuring the transfer of loads into the abutting 
masonry walls, as well as the transfer of forces at window openings in the dome, but does not 
include any recommendations for how the domes were to be construction or what materials 
should be used in the construction (Figure 18).  
 
 
91 Box 2 Folder 22, Chapel Columbia University Collection, Drawings and Archives, Avery Architectural & Fine 
Arts Library, Columbia University.  
92  Letter from Stokes to Guastavino on August 29, 1905, Box 2 Folder 22, Chapel Columbia University Collection, 
Drawings and Archives, Avery Architectural & Fine Arts Library, Columbia University.  
93 ibid.  
94 Nelson Goodyear, Final Stress Diagram 1963.002.01833, Dec 4, 1906, Guastavino Archives, Architectural 
Drawings Series I, Drawings and Archives, Avery Architectural & Fine Arts Library.  
95 Ochsendorf, 162. 





Figure 18: "Final Stress Diagram of the Domical Tower, St. Paul's Chapel, Columbia University" drawn by Nelson Goodyear. 
Source: Avery Archives. 




5.3 Guastavino Construction 
The project specifications for the construction of the chapel outline the composition of 
many materials used. The sections on Cements and Mortars, Brick Work, Preparation for 
Guastavino Construction, and Plastering.96 Notably, the specification section for Guastavino 
work only regards the preparation for the work itself, not the materials specific to the Guastavino 
vault construction. The section states that all brick, stone, and terra cotta that will support any 
Guastavino vaults or dome must be prepared properly in order to receive the tiles. Beyond this, 
no information in the specification provides insight into the construction methods used. This lack 
of information is consistent with the Guastavino Company’s proprietary nature.  
Under the section on Cements and Mortars, Stokes lists the use of first-quality Atlas 
portland cement, “unless otherwise specified” and first-class standard manufacture lime, “equal 
to the best Rockland lime.”97 He specifies the use of these materials “in and throughout the 
building.”98 Later in the specification, Stokes references “special” kinds of cement, referencing 
the use of “coloring mortars” but does not elaborate on the composition or potential applications 
for these cements.99 Perhaps the pointing mortar for Guastavino work could be considered a 
special cement application, though this is not acknowledged. Stokes also outlines the use of lime 
and cement mortar at all exterior and interior brickwork, composed of “one part of lime putty 
and one part of portland cement and three parts of clean washed beach sand.”100 By comparison, 
some other Guastavino projects used mortar mixes of one part portland cement and two-and-one-
half parts sharp clean sand.101 
Archival images lend valuable insight into the construction methods used in erecting the 
domes of St. Paul’s. Extensive timber centering was installed to construct the dome (Figure 19). 
 
 
96 Copies of these sections are included in Appendix B.  
97 Specification for Bldg. No. 31: St. Paul’s Chapel Columbia University, n.d., Box 1 Folder 37, Chapel Columbia 
University Collection, Drawings and Archives, Avery Architectural & Fine Arts Library, 19.  
98 Specification, 19. 
99 Specification, 19.  
100 Specification, 20.  
101 Lane, “Putting Guastavino in Context,” 60. This mixture is cited from the specifications of Guastavino 
construction at St. John the Divine.   




The centering appears to be installed for 
the upper dome.102 Archival documents 
discuss the construction of the main 
dome, indicating that the outer dome 
was constructed prior to the inner 
dome.103 With the historic photos of the 
formwork of the main dome, it is evident 
that the outer dome was constructed 
before the inner dome. This is also 
corroborated by a letter between Stokes 
and Charles T. Wills, the general 
contractor on site, which states that work 
on the inner dome is delayed, suggesting 
that it is the only remaining Guastavino 
work to be done.104 
It is clear from this image that 
the use of formwork had a considerable 
role in the construction process. It is 
important to compare this to most 
references, which typically suggest that Guastavino vaults and domes were constructed with 
minimal formwork. This image is evidence that in some applications, centering was an elaborate 
frame that had a critical role in installing the tiles. This also further enhances the idea that from 
site to site, and even from application to application, the methods used in construction varied.  
 
 
102 The apse dome is a half-dome structure. The formwork shown in Figure 19 shows a full dome structure. It seems 
unlikely that the Guastavino Company would have spent the time and effort (and funds) in constructing a complete 
structure to only use half for constructing the apse dome.  
103 Letter from C. T. Wills to Howells & Stokes on November 11, 1905, Box 1 Folder 39, Chapel Columbia 
University Collection, Drawings and Archives, Avery Architectural & Fine Arts Library, Columbia University. This 
letter discusses the waterproofing of the roof and outer dome.  Also, Letter from C. T. Wills to Howells & Stokes on 
Dec. 7, 1905, Box 1 Folder 39, Chapel Columbia University Collection, Drawings and Archives, Avery 
Architectural & Fine Arts Library, Columbia University. This letter discusses the delay in working on the inner 
dome due to the installation of a steam pipe.  
104 Letter from C. T. Wills to Howells & Stokes on December 7, 1905, Box 1 Folder 39, Chapel Columbia 
University Collection, Drawings and Archives, Avery Architectural & Fine Arts Library, Columbia University. 
Figure 19: Construction of the formwork of upper main dome. Source: 
Avery Archives. 




Another image in the archives provides insight into the assembly of the outer dome 
(Figure 20). The image shows the dome tile installation in progress with the buttressing brick 
piers referred to as “permanent radial ribs” in the 1901 Brickbuilder article discussed in Chapter 
Figure 20: Construction in progress of upper main dome. The soffit tile layer is being installed, resting on the wooden centering 
supports in the upper left-hand corner. A light-colored mortar is being installed at the joints between tiles on the soffit layer. 
Structural tiles are visible below with a sandy grey mortar.  Source: Avery Archives. 




3, abutting the dome. These piers are visible in the section drawing of the chapel, shown in 
Figure 16. In the image, five layers of tiles are visible. The mason is exhibited installing a soffit 
tile with a light-colored mortar at the tile joints. This layer is resting on the dome formwork. The 




As the building neared its centennial, the 
chapel exhibited signs of weathering and damage. 
Roof leaks led to wall damage and the windows in 
the upper dome were in need of rehabilitation. In 
2004, netting was installed at the base of the dome to 
collect “falling plaster” (Figure 21).105 It is not clear 
where the plaster may have been falling from, as no 
plaster appears to have ever been installed in the 
dome, save for gypsum plaster potentially installed at 
the joints between Guastavino tiles. This plaster, 
however, would have been covered by the pointing 
mortar. A history of misconceptions follow the 
installation of the netting, perpetuating the 
misunderstanding that sometimes accompanies 
Guastavino vaults and domes. An example of this can be seen in a New York Times article from 
2007, which mentions the netting “conveniently installed [...] to prevent you from getting beaned 
by a falling brick!”106 There is no history of tiles ever becoming dislodged from the dome.  
In November 2017, Columbia began the chapel restoration to replace the roof and restore 
the exterior.107 Restoration of the exterior was necessary to prevent future damage of the interior, 
 
 
105 “St. Paul’s Chapel,” New York City Chapter of the American Guild of Organists, accessed on January 28, 2020, 
http://portland.nycago.org/Organs/NYC/html/ColumbiaUniversity.html. 
106 Seth Kugel, “Ivy League by Uptown Train,” The New York Times, October 7, 2007. 
107 “St. Paul’s Chapel Receives Monumental Restoration,” Columbia University, accessed on April 24, 2020, 
https://fy2019annualreport.cufo.columbia.edu/content/st-pauls-chapel-receives-monumental-restoration. 
 
Figure 21: Netting was installed beneath Guastavino 
vaults throughout the chapel. Source: NYCAGO, 2008. 




particularly at the dome. Guastavino tiles at the main and altar domes were cleaned, repaired, and 
replaced as needed. Repairs for St. Paul’s Chapel were designed by Walter B. Melvin Architects.  
Access to the interior of the dome during the restoration provided the invaluable 
opportunity to see tile conditions up close. During the restoration, damaged tiles were removed at 
various locations throughout the dome, providing the opportunity to observe mortar and tile 
layers behind the soffit layer. For example, in locations where a ceramic finish tile was removed, 
a white setting mortar was observed at the ceramic finish tile joints, with a neat grey mortar 
observed behind the soffit tile layers (Figure 22).  This location, and others, appeared to conflict 
with the assembly models published in literature. 
 
5.5 Conclusions 
This chapter reviews the design and construction of St. Paul’s Chapel. The evidence 
discovered in the archives provides information that reveal discrepancies between the 
Collins/Ochsendorf interpretations of mortar and vault assembly, and the findings at the chapel. 
A thorough analysis of construction documents provides insight into design methods. By 
evaluating these documents in tandem with letters and photos from construction, it is possible to 
deconstruct the assembly methods.  
A number of facts can be determined with this documentation. The archival documents 
provide a sense of the general structure of the domes, noting the use of different tile types and 
the basic assemblies in various locations. With the historic photos of the formwork of the main 
dome, it is evident that the outer dome was constructed before the inner dome. The undated 
construction photo shows the method of installation of the outer dome, with a rough masonry tile 
installed using a light-colored mortar at the soffit layer, with additional layers installed atop the 
soffit layer using a sandy, darker mortar. Details within the documents provide additional insight 
into the assembly. In the example of the horizontal banding at the main dome, the detail on the 
cross section of the dome shows the banding protruding ¼ inch from the face of the ceramic 
finish tiles. The detail appears to be a part of the cohesive system on the soffit layer, and not an 
ornamental tile adhered to the ceramic finish tile layer.   
Archival evidence can begin to deconstruct the materials and methods used, but the 
strength of this information relies on the integrity of the archive. Missing letters, drawings, and 
photographs all provide clues to understanding the methods of construction, but these resources 




are limited. Notably absent from the archive is the discussion and evidence of the inner dome. In 
order to determine the materials and methods used at the inner dome, samples are required.  
  
Figure 22: During the restoration, some tiles at the inner main dome were removed. Shown here is a condition 
at a punched window opening. Cream-colored tiles at the window perimeter were removed, revealing the 
mortar and rough masonry installed behind the soffit layer. The location shown here occurs at the horizontal 
banding discussed in Rafael Guastavino Jr.’s memoir.  
Photo by Derek Trelstad, March 2019. 




Chapter 6: Mortar Composition 
 
 Samples were collected during the restoration of the St. Paul’s Chapel with the 
permission from Columbia University’s Department of Facilities. Isolated Guastavino tiles in the 
main and apse domes were removed if their conditions were identified as damaged or 
inadequately adhered. These tiles were reset or replaced depending on their condition. 108  
 
6.1 Sample Collection  
An initial site visit was performed on March 13, 2019. During this site visit, the 
inspection and repair of the tiles in the interior main dome was in progress. Follow-up site visits 
were performed on July 22 and July 30, 2019. At that point, the interior dome tile replacement 
and repointing was near completion. During these three site visits, approximately 20 samples 
were collected.109 These samples included tiles, mortars, joint mortars, mortar remnants from 
between tile layers, and partial tiles with mortar adhered to one or more surfaces. Information 
regarding exact sample locations and their relation to the tile assembly was limited due to lack of 
access. General locations could be determined and are noted where known.  Most of the material 
came from locations where the removal of tiles had already occurred and thus the exact origin of 
a set samples could not be determined.  
Though location-specific information would provide more insight into the material make-
up and construction sequencing of the dome, a significant amount of information can be gleaned 
from the material samples. These samples, particularly those that exhibit mortar adhered to tile, 
provide valuable information about the materials used and the potential sequencing. By carefully 
studying the geometries of these samples, it is possible to hypothesize how tiles were installed. 
Of the eight selected samples, six have an unknown origin and two have location-specific 
information. For the purposes of this thesis, lack of information regarding sample locations is a 





108 “St. Paul’s Chapel Roof Replacement and Exterior Restoration,” Columbia University, last modified August 1, 
2019, https://cufo.columbia.edu/news/chapelrestoration. 
109 Photos and descriptions of these samples are included in Appendix C.  




6.2 Analysis Methods 
To select the samples for review in this thesis, the 20 samples were reviewed with John 
Walsh, a construction materials scientist and petrographer who has previously worked with 
Guastavino vaults and domes. Each sample was measured and cataloged with a description. 
Material type and possible sequencing were hypothesized for each. The samples were 
categorized by appearance, ranging from white mortars to neat light-gray mixes to sandy dark-
gray mixes. Different tile profiles were also noted, including corrugated and flat-faced tiles, as 
well as the impressions of these profiles on mortar samples.  
The selected eight samples were chosen for their representative characteristics of the 
material at St. Paul’s Chapel (Figure 23).  Samples that illustrated contacts between two mortar 
types, notable impressions of tiles, or tiles in contact with mortar were prioritized. Samples that 
had location-based information were also prioritized; however, general locations gave sufficient 
information to hypothesize the construction sequencing.  
Following the visual inspection and selection, each sample was prepared for petrographic 
examination following the standard practices as defined by ASTM C1324-15, the Standard Test 
Method for Examination and Analysis of Hardened Masonry Mortar. Thin sections were 
prepared for each sample, which allowed for high-magnification observation of the mortar, 
aggregate, paste, and air content. 
 
  
Figure 23: Selected samples collected from St. Paul's Chapel during the restoration in July 2019. 




6.3 Analysis and Results 
The tile-based samples are examples of herringbone ceramic finish tiles, decorative finish 
tiles applied at window perimeters, and structural rough masonry tiles. The mortar-based samples 
are examples of setting, bedding, and pointing mortars. The selected samples represent the 
spectrum of materials used in the main dome assembly. Table 2: St. Paul's Chapel Sample Log 
identifies the location, size, and geometries of each reviewed sample. Physical observations, 
visible to the naked eye, and microscopic observations are recorded. The petrographic 
identification is listed for each sample. 
Samples 1 and 2 were selected because both appeared to be an example of a bedding 
mortar installed between a smooth-backed soffit tile and a structural tile. A rounded placement 
edge is present along one side of Sample 1. It is possible that the placement edge indicates the 
paste is a dab applied to the backside of a decorative tile installed from below. This could 
potentially be associated with one of the tile wreaths at each window head in the dome. Sample 2 
appears to have originated from the edge of a structural tile, with the impression of a straight 
edge along the sample. Unfortunately, due to restrictions with sample access, the exact location 
of both samples could not be determined.  
On the flat surfaces of Samples 1 and 2, a gypsum-lime paste is pressed into the portland 
cement paste. Gypsum-lime paste was also identified in Sample 14, a sample which was 
removed from a head joint between two soffit tiles in the inner main dome. Thin sections of 
Samples 1 and 2 included the regions where the portland cement paste and gypsum-lime paste 
came into contact. The gypsum-lime paste is square in cross section, indicating that this material 
may have been molded. Sample 2 is estimated to have a higher gypsum content than Sample 1. A 
few particles of natural cement were also observed, though only in exceedingly trace quantity. 
This contaminant indicates that natural cement was likely being utilized elsewhere on the jobsite. 
Portland cement is found in Samples 1, 2, 5, 6, and 8, though their compositions vary. 
Samples 1, 2, and 5 are neat portland cement pastes. Sample 8 has part of a structural rough 
masonry tile adhered to one side and a portion of a ceramic finish tile adhered to the opposite. 
The portland cement mortar contains coarse sand. A high concentration of unhydrated cement 
particles is observed. This, in comparison to the other samples reviewed, suggests that less water 
may have been used in this mix than at other locations, indicating a relatively stiff mix when 
plastic.  
Murphy   [De]Constructing Guastavino Vaulting 
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Sample 1 Sample 2 Sample 5 Sample 6 Sample 8 Sample 10 Sample 13 Sample 13
Sample Location: Inner main dome Inner main dome Inner main dome Inner main dome Inner main dome Inner main dome, multiple samples Mortar at rough masonry vault, head joint of 
two soffit tiles
Mortar at head joint of two soffit finish tiles
Size: 3" x 3" x ⅝" 3" x 2½" x ⅝" 5" x 5" x 1" 3" x 6" x 1" 2½" x 2" x ⅝" 1½ - 2" x ½" x ¼" ¾" x ¾" x ½" 1" x ¾" x ½"
Surface 1 Characteristics: Corrugated impression Corrugated impression Ceramic finish tile Ceramic finish tile Rough masonry tile Pointing mortar (2") Setting mortar Setting mortar
Surface 1 Image:
Surface 2 Characteristics: Flat impression, white paste bisecting sample Flat impression, white paste bisecting sample Flat tile surface, paste adhered Corrugated tile surface, paste adhered Cermaic finish tile Pointing mortar (1½")
Surface 2 Image:
Physical Observations: White mortar on surface 2 runs 
perpendicular to corrugations on surface 1.
White mortar on surface 2 runs 
perpendicular to corrugations on surface 1.
Finish tile has flat surface, rough masonry 
tile has corrugated surface; 
Mortar Observations: Neat gray, hard paste; friable white paste Neat gray, hard paste; friable white paste Neat gray, hard paste Sandy light gray, hard paste Medium gray, coarse sand, hard paste Sandy, greyish-red paste Friable, white, sandy paste Friable, white, sandy paste
Petrographic Identification: Portland cement; gypsum-lime Portland cement; gypsum-lime Portland cement Portland cement Portland cement Natural cement and lime Pure gypsum lime plaster with sand Gypsum-lime
Microscopic Observations:
Portland cement is coarse grained; a few 
natural cement particles were observed; 
gypsum-lime paste is square in cross section
Portland cement is coarse grained; gypsum-
lime paste is square in cross section; has 
higher gypsum content than Sample 1
Identified two types of portland cement 
mortar: early 20th century mix and a more 
modern repair portland cement mortar
High abundance of unhydrated cement
TABLE 2: SAMPLE ANALYSIS
Table 2: St. Paul's Chapel Sample Log 




 Sample 6 is a portland cement mortar, but has a sandy consistency. Petrographic 
examination identified two types of portland cement mortar. Based on the microtexture of 
unhydrated cement residuals, one is an early twentieth century mix and the other is a more 
modern repair. The sample only has trace residues of the earlier mortar, with the more modern 
repair as a full bed. This modern portland cement suggests the reattachment of a dislodged tile 
after the construction was complete, but prior to the restoration.  There is no record that indicates 
this resetting or repair work. 
 
6.4 Discussion and Review 
In Samples 1, 2 and 14, a significant amount of lime is observed in the gypsum mortar 
mixes. These samples were all obtained from the inner main dome and all are in contact with 
finish tiles (Figure 24). The portland cement paste of Sample 1 appears originate from above a 
ceramic finish tile at the soffit layer of the main dome. The mortar was likely applied to the back 
of the soffit tile following its installation with gypsum-lime mortar. Following or 
contemporaneous with the placement of the portland cement mortar, structural tiles would have 
been installed.  
Given the geometries of the portland cement mortar of Sample 2, it seems possible that 
the mortar had been applied to the rear face of the tile and pressed into place. This might have 
been used at the decorative cross tiles at the window head wreaths, or at an edge condition, such 
as at a window opening.  
Figure 24: Diagram showing proposed condition and material identifications of Samples 1, 2, and 14. 




Sample 13 is identified as pure gypsum 
plaster with some sand (Figure 25). It is interesting to 
the see use of both pure gypsum mortar and gypsum-
lime mortar used at the same project. This seems to 
demonstrate that there were competing values applied 
to the material selection, based on the type of 
assembly. The presence of lime in the finish tile 
setting mortar would reduce the strength of the gypsum mortar. It could also affect the quick-
setting properties of gypsum, depending on the material proportions. It seems possible that lime 
was added to slow the setting time, in order to create a more pliable first layer. It also seems 
likely that a softer setting mortar was used at finish tile conditions because the mortar would be 
raked out when pointing mortar was installed.  
When the finished and rough masonry conditions are compared, it seems clear that 
multiple methods of construction were used for different applications. As noted in Chapter 5, 
Rafael Guastavino Jr. noted that the finish tile layer of the main dome was laid herringbone with 
horizontal bands of tile throughout the dome. It is hypothesized that the main dome of the chapel 
was installed using the gypsum-lime mortar because it was more pliable, allowing the soffit tile 
layer of the dome to be constructed first, with the herringbone pattern in place. A more pliable 
mortar would allow for the geometry of the dome to be adjusted more easily.  
In Sample 8, it was observed that the portland cement had a high number of unhydrated 
particles. This mortar condition, if applied from below, would need to rely on gravity to stay in 
place (Figure 26). This would be difficult with a high-viscosity mix. A stiffer mix would be 
desirable for vertical or overhead applications. This fact indicates that this mortar may have been 
installed as a uniform layer on top of tiles after they had already been assembled. With this 
understanding, it seems unlikely that the portland 
cement mortar was applied to the back of a finish tile 
to attach it to the interior of the dome as the soffit 
layer. Instead, it seems likely that once the finish tile 
was in place, this mortar was installed atop it prior to 
installing a structural tile layer.  
Figure 25: Diagram showing condition and material 
identifications of Sample 13. 
Figure 26: Diagram showing condition and material 
identification of Sample 8. 




Finally, in Sample 10, a mixture of natural 
cement and lime were discovered in the pointing 
mortar. No records indicate the use of natural cement 
at this project site; however, Sample 1 identified the 
natural cement contaminants. Typically, pointing 
mortars of Guastavino vaults suggests the use of 
portland cement mortar.110 Pointing mortars were 
added to the underside of the soffit tile layer to 
provide a finish along tile edges after the construction was completed. This condition was 
sometimes molded into a ribbon, sitting proud of the surface of the soffit tile.  
 
6.5 Conclusions 
To determine the sequencing of Guastavino construction, many factors must be 
considered. The geometries of mortar and tiles are physical evidence of the anticipated 
performance and probable methods of installation. The above discussion of this composition 
highlights the degree of simplification that has disseminated into modern research and 
understanding. No discussions of Guastavino material suggest the use of lime in gypsum plaster, 
or the use of natural cement in pointing mortars. The presence of lime in the gypsum plaster 
layer is significant, particularly when the placement and location of the gypsum-lime is 
considered. At one location, the builders used pure gypsum, while at another used a gypsum-lime 
mix. It appears that from location to location, the methods and materials used varied (Figure 28). 
An understanding of material properties was required to construct these domes and identify what 




110 Ochsendorf, 127.  
Figure 27: Diagram showing condition and material 
identification of Sample 10. 








































































Chapter 7: Proposed Construction Sequence of St. Paul’s 
 
By using the information collected in the previous chapters in combination with physical 
observation, it is possible to create an evidence-based hypothesis to determine the sequencing of 
construction of both the inner and outer domes of St. Paul’s Chapel.  
 
7.1 Outer Main Dome 
Construction photos and correspondence provide a glimpse into the schedule of the job 
site and sequencing of work. Review of these documents suggests that the outer dome was 
constructed prior to the inner dome.  Though no samples were taken at this location to confirm 
the composition, the inner surface of the outer dome was accessible from the interstitial space 
between the domes. When observed on site, the setting mortar of the outer dome was a white 
material (Figure 29). Given these similar characteristics to other mortars examined, the setting 
mortar is likely a gypsum mortar. Field observations are consistent with the evidence in the 
construction photos, which show a light-colored mortar used in the innermost layer of tile 
(Figure 30). The same photograph shows additional layers of structural or rough masonry tiles 
that had been 
installed above these 
layers using a sandy, 
dark-grey mortar. 
Construction of the 
outer dome appears 




assemblies.    
Figure 29: A small remnant of lightweight wooden formwork, seen at the left-hand side of this 
image. It is attached to the soffit layer of the outer dome. In the background of this image, a 
buttress is visible, spanning between the inner and outer domes. Photo by Tim Michiels, March 
2019.  





Figure 30: The soffit tile layer of the outer dome was 
installed resting directly on the heavy timber centering. 
These tiles were installed using a gypsum mortar. Additional 
layers of rough masonry tiles were installed with portland 
cement mortar (left). This appears to be the first installation 
of Guastavino tiles at the dome. A modified section drawing 
(below) shows the proposed progress/sequencing of the dome 
construction shown below, as shown in the historic 
photograph.  




7.2 Between the Domes 
Following the construction of the outer dome, rough masonry vaults were likely 
constructed at the corbelling, arching from the triforium to the brick exterior walls. The arch at 
this location would have been installed to create a foundation for the inner dome and window 
openings. It is this construction that appears to have been delayed due to pipework installation. 
Sample 13 was taken from the soffit layer 
of two rough masonry tiles at this location 
and was identified as being a gypsum 
mortar (Figure 31). Because the 
construction is rough masonry, it is likely 
that the mortar used at this location was 
also used for the upper dome. Lighter 
formwork was likely used at this condition 
because of the minimal span of the vault.  
The construction of the buttresses 
spanning between the inner and outer shell 
is unclear from the archives. The only 
drawing that depicts these buttresses is the cross section of the main dome. Buttresses were likely 
not installed until construction at the inner main dome was underway (Figure 32). At the base of 
each buttress, at the connection to the soffit layer of the outer dome, a white, friable mortar was 
observed. Because this is a rough masonry construction, it is likely a gypsum mortar. The first 
layer of tiles appears to be set using a similar white, brittle mortar, as seen at the soffit layer of 
the outer dome, with a sandy, dark mortar at subsequent tile layers above. Where the buttresses 
engage with the inner dome, it appears that the dark, sandy mortar was used. This was likely a 
portland cement-based mix, as evidenced by other samples discussed in Chapter 6.  
  
Figure 31: Passageway at the base of the two domes at a window 
opening hole. Sample 13 was taken from the soffit tile layer joints. 
Photo by Derek Trelstad (March 2019). 




  Figure 32: The vault at the base of the two domes above the 
triforium (circled below) was likely constructed prior to the 
inner dome. It serves as a support between the two domes and 
would have measured out the span between window openings. 
Buttresses (left) were likely not installed until the construction of 
the inner dome was underway. A modified section drawing 
(below) shows the proposed progress/sequencing of the dome 
construction.  
 




7.3 Inner Main Dome 
The construction of the inner main dome likely occurred in January 1906 after the 
completion of almost all other Guastavino work at the chapel. This is supported by a letter from 
Willis to Stokes in December 1905 that states the inner shell of the main dome is the only 
remaining project for the chapel, beyond installing pointing mortar at other finish tile 
locations.111 Ceramic finish tiles at the inner main dome would have been installed first, laid in 
the herringbone pattern. In Rafael Guastavino Jr.’s manuscript, he states that the tiles were in laid 
a herringbone pattern, with the horizontal ornamental tile bands installed to restart the pattern 
without requiring the use of smaller tiles.112 Upon completion of the inner dome structure, 
decorative ceramic finish tiles would have been installed at window perimeters. These were 
installed using daubs of portland cement smeared on tile backs and pressed into place.  
This statement is further corroborated by the materials discovered at the soffit tile layer 
joints (Figure 34). Gypsum-lime mortar was discovered at these joints, as found in Samples 1, 2, 
and 14. This would likely have only been applied as a setting mortar, given its quick setting 
properties, meaning that this layer had to have been installed first. While the use of gypsum-lime 
mortar is undocumented in other Guastavino vaults or domes, Guastavino Jr.’s manuscript 
alludes to the novel assembly methods at this dome.  
Based on the findings of the other samples, gypsum-lime was probably only employed 
for finish tile applications. This would have 
also required formwork to remain in place for 
a longer period of time. Gypsum would have 
been installed at applications that were not 
focused on aesthetics, such as in the outer 
dome. The inner dome required a finer 
attention to the aesthetic of the structure. 
Gypsum-lime mortar would have been easier 
to remove when installing pointing mortar at 
the end of the project.  
 
 
111 Letter from C. T. Wills to Howells & Stokes on December 7, 1905, Box 1 Folder 39, Chapel Columbia 
University Collection, Drawings and Archives, Avery Architectural & Fine Arts Library, Columbia University. 
112 Ochsendorf, Guastavino Vaulting, 96. 
Figure 33: A tile removed at the horizontal band reveals the use 
of gypsum-lime mortar at the soffit layer. Photo by Derek 
Trelstad, March 2019. 







Figure 34: A modified section drawing (below) 
shows the proposed progress/sequencing of the inner 
dome construction. Dashed lines indicate where 
phases of construction are hypothesized, particularly 
at the horizontal tile bands. Sample 14 (right top) 
was taken between two finish tile joints at the soffit 
layer. This mortar was determined to be a gypsum-
lime mortar (right bottom).  
 




Chapter 8: Further Case Studies 
 
This chapter interprets physical evidence that can be visually observed. With the 
knowledge gained from the study at St. Paul’s, the same methods are applied to investigate the 
materials and construction of other sites.  
 
8.1 Site Selection 
Five sites were selected to conduct additional analysis of materials and construction. Site 
selection was determined based on available archival information regarding, current or past work 
by preservation professionals involved with work on the sites, and access to the site (both 
physical and virtual).113 Location and dates of construction were also considerable factors in the 
selection of these case studies. Most projects had multiple construction types that could be 
superficially assessed by physical observation. The selected sites are: the Central Congregational 
Church in Providence, Rhode Island (1891); the Cathedral of St. John the Divine in New York, 
New York (1899-1940); Michigan Central Station in Detroit, Michigan (1912); Grand Central 
Terminal in New York, New York (1912); and the West 79th Street Grade Crossing Elimination 
in New York, New York (1936).  
 
8.2 Methodology 
The discussion in Chapter 6 illustrated the assembly of the inner main dome at St. Paul’s 
Chapel, highlighting the discrepancy between the chapel’s samples and the Collins-Ochsendorf 
model of material assembly. Physical evidence is an important foundation for analyzing the 
materials and methods used in Guastavino construction. By closely examining these structures 
and materials in situ, while also considering the findings from St. Paul’s Chapel, it is possible to 
gather evidence of materials used and hypothesize methods of construction. This method of 
analysis does not replace the value of an in-depth assessment. It does, however, illustrate the 
necessity for further detailed research of individual Guastavino vaults and domes to accurately 
identify their composition. 
 
 
113 Due to the coronavirus outbreak in 2020, access to many projects sites was not possible. Many projects were 
reviewed virtually instead. Where possible, photos and reports supplemented this analysis. 




The amount of information available at individual sites varied greatly. Material analysis 
had already been conducted at some sites, providing conclusive proof of the materials used and 
proposed methods of construction. In these instances, reports and interviews are referenced. 
Other sites had no prior analysis. The selected case studies are discussed below in chronological 
order of their construction.  
 
8.3 Sites 
8.3.1 Central Congregational Church, Providence, RI (1891) 
The Central Congregational Church was constructed between 1891 and 1893 in 
Providence, Rhode Island. It was designed by New York-based architects, Carrère and Hastings. 
The interior is extensively built with exposed Guastavino vaults and at the center of crossing sits 
an expansive dome. This dome was the first to be constructed by the Guastavino Company in the 
United States (Figure 35). It is similar in form to St. Paul’s Chapel, with windows penetrating the 
Figure 35: The dome at the Central Congregational Church in Providence is the first exposed masonry dome constructed by the 
Guastavino Company in the United States. February 2020. 




dome and a lantern installed above. In section, it appears that the dome is a double dome 
structure, likening again to St. Paul’s Chapel.  Barrel vaults support the dome at each transept. 
Low vaults are also installed in the side aisles and narthex. The roof also appears to be supported 
by Guastavino vaults. The substructure, unlike many other buildings constructed by the 
Guastavino Company, was not built with Guastavino vaults.  
A walkthrough of the site was performed in February 2020. The soffit tiles are unglazed, 
corrugated, and light gray. The corrugation patterns on the surface of the tiles vary in relief. 
Some corrugations are well articulated, whereas others are noticeably flat and uneven. In 1891 
when the church was being constructed, the Guastavino Company outsourced the tiles.114 A few 
conditions provided insight into the materials used, including the barrel vault at the rear of the 
church, the low vault at exterior portico ceiling, and the low vault in the vestry. At the barrel 
vault, the pointing mortar was a hard, medium-gray mortar molded as a flat raised joint. Limited 
material information could be obtained at this condition, as there was no loose mortar to observe 
the layers behind the soffit tile layer or the mortars used for the setting or bedding layers. At the 
portico ceiling on the exterior, pointing mortar was absent and the mortar at soffit tile joints was 
white and flush with the tile face (Figure 37). 
With the joint mortar removed, layers of mortar 
above the soffit tiles were visible. A white mortar 
was observed at the joints between soffit tiles. In 
 
 
114 Ochsendorf, Guastavino Vaulting, 76. 
Figure 37: A small low vault at the exterior portico was 
examined. Pointing mortar was not installed at one tile 
condition (bottom left). February 2020. 
Figure 36: Where pointing mortar was removed, a white 
mortar (A) was observed at the soffit tile joints. Above this 








some areas at the tile perimeter, this white mortar had deteriorated. A medium gray mortar was 
visible above this mortar (Figure 36). Though these materials were not tested, it is likely that the 
white mortar observed was a gypsum or gypsum-lime mortar, given observations from previous 
projects. The gray mortar is likely a portland cement mortar.   
Another Guastavino vault was observed in the church’s vestry. A lighting fixture 
penetrated the vault, and tile layers were visible at the penetration. The soffit tile layer was the 
corrugated light gray tile used throughout the rest of the church. An additional layer of red 
structural rough masonry tiles was observed above the soffit tile layer. It appeared that only two 
layers of tiles were installed at this condition, however access was limited. Pointing mortar at 
this condition was similar in composition, color and profile to the barrel vault pointing mortar. It 
is likely a neat portland or natural cement. One condition was loose, allowing the mortar joint to 
be removed from between tiles. A white mortar, likely gypsum or gypsum lime, was adhered to 
the pointing mortar. This vault appeared to be constructed with a similar assembly to the portico 











8.3.2 Crypts at St. John the Divine, New York, NY (1898) 
The Cathedral of St. John the Divine is located in Morningside Heights on the Upper 
West Side of New York City. It is in the Byzantine Gothic and Romanesque Revival styles. 
Construction began in 1892 under the design by New York architects, Heins and LaFarge. Due 
to many construction delays, construction occurred at different periods, resulting in eclectic 
finishes and many incomplete areas of the cathedral. It is a particularly interesting case study for 
Figure 38: Diagram of proposed vault assembly at Central Congregational Church (1891) in 
Providence, Rhode Island. 




the study of Guastavino assembly. The cathedral provides extensive examples of Guastavino 
vaults and domes, some of which were not executed to completion.  
Guastavino vaults, both finished and rough masonry, are extensively installed over the 
crypts, serving as the main floor system of the cathedral, in the choir, stairways, and as roof 
systems throughout the cathedral. Finished ceramic tile vaults are installed in the nave and in 
many of the chapels, as well as in stairways. Akoustolith tiles are installed in the nave, the Great 
Choir, and the High Altar. Most notably, the Guastavino dome at the crossing is the largest 
constructed, spanning 132 feet, by the Guastavino Company and is a rough masonry dome.   
In November 2019, a walkthrough of the site was performed. A number of conditions 
were reviewed. The crypts were a condition of particular interest. They are a series of rough 
masonry vaults, and were constructed in 1898. Guastavino tile arches span between massive 
granite piers. Vaults between each tile arch are set on top of the tile arches and are constructed 
with tiles laid in horizontal bands spanning each vault (Figure 40). The vaults span 
approximately 50 feet by 30 feet.  
Figure 39: Crypts of St. John the Divine are constructed with rough masonry vaults. November 2019. 




The joint mortar at the crypt’s soffit tile layer appeared to be a dark grey mortar. Mortar 
is extruded from the face of the soffit tile layer and appears to have not been modified since 
installation. In the staircases leading down to the crypts, similar tiles and mortar were observed. 
The staircase is a rough masonry staircase on the soffit tile side. This condition allowed for 
closer examination of the mortar used at this condition. The mortar was extremely hard and not 
possible to break off. These properties do not coincide with those of gypsum or plaster of Paris, 
which are anticipated at the soffit layer joints of rough masonry vaults.  
Following the site visit, an informal archival review was conducted to obtain images from 
the crypt’s period of construction. The construction of St. John the Divine was widely 
documented, and many historic photographs are available through the New York Public Library 
Digital Collections. An image from October 6, 1898 illustrated the methods used in constructing 
these crypts, showing extensive formwork supporting the tile arches that support the vaults 
(Figure 40). Upon close examination, it is difficult to see if the formwork extends beyond the tile 
arch to create a form for the vaults themselves.  
Figure 40: Construction photo of the crypts of St. John the Divine in 1898. Extensive formwork is evident from this 
image. Photo courtesy of NYPL Digital Collections. 




Gypsum has been noted as the primary mortar for the first tile layer installed, however it 
does not appear to be installed in the crypts. Gypsum would have been used for its setting speed, 
removing the need for extensive formwork. Without the use of gypsum, alternative materials and 
methods must have been employed, as evidenced by the archival images that exhibit the use of 
extensive formwork. A harder mortar, like portland cement, would require an initial setting 
period of a few hours, and about a month to reach full hardening strength. In order for this 
material to reach this set, more extensive formwork would be required.  
Remnants of formwork 
were observed in the staircase 
leading down to the crypt (Figure 
41). Small slats of wood were 
observed installed at successive 
mortar joints, supporting the tiles 
as they ascended. While this 
condition cannot solely identify the 
methods of construction used, it 
provides a sense of the scale and 
use of formwork.    
From these findings in the 
crypts of St. John the Divine, it 
appears that the soffit tile layer was likely constructed using portland cement, not gypsum 
(Figure 42). Portland cement used as a setting mortar at the soffit tile layer is unprecedented, at 
least as far as literature acknowledges. How does this affect the methods of construction 
employed by the Guastavino Company? As evidenced by the photos, perhaps more extensive 
formwork was necessary, which defies the simplified statement that Guastavino vaults were built 
using minimal to no formwork. If extensive formwork was being used, there is no need to use 
quicker-setting gypsum mortar. In addition, the use of these structures must be considered. The 
crypts and the staircases are rough masonry vaults that serve solely structural purposes. Perhaps 
the use of portland cement was a necessary choice for loads of this capacity. It is important to 
note this finding as a development in the construction of Guastavino vaults. Further analysis of 
Figure 41: Remnants of wood formwork in place at the spiral staircase down to 
the crypts of St. John the Divine. November 2019. 




these conditions, both as probes and material analysis, should be conducted to provide insight 










8.3.3 Grand Central Station, New York, NY (1912) 
Grand Central Station was constructed between 1903 and 1913 in New York, New York 
to serve as a train terminal to Midtown Manhattan. The station was designed by Minnesota 
architects Reed & Stem, as well as New York architects, Warren & Wetmore. It is in the Beaux-
Arts style. Guastavino vaults are installed in the lower passageways of the terminal, most notably 
at the Oyster Bar and Whispering Gallery on the Main Concourse level. According to records, 
these were constructed in 1912.115 
In 1997, a massive fire devastated the Oyster Bar, causing extensive damage to the 
Guastavino vaults. Though the vaults themselves are fireproof, many soffit tiles fell from the 
vault or became loose during the fire (Figure 43).  A restoration of the Oyster Bar was 
conducted, which included a condition survey, mortar joint cleaning tests and mortar analysis. 
The survey identified over 11,000 failed tiles. 116 Because of this, large expanses of tiles had 
debonded from the mortar surface above the soffit tiles.  
The soffit tile layer was comprised of cream-colored glazed ceramic tiles that had a 
corrugated surface, arranged in a herringbone pattern. The span of the vaults varies, ranging from 
approximately 15 feet to 31 feet. In 1997, Robert Silman Associates conducted a condition 
 
 
115 Ochsendorf, 233. 
116 Denis G. Kuhn, Russel H. Newbold, and Kate Lemos, “Restoration of the Oyster Bar at New York’s Grand 
Central Terminal: A Case Study” APT Bulletin: The Journal of Preservation Technology 30, no. 4 (1999): 43. 
Figure 42: Diagram of proposed rough masonry vaults in the crypts of St. John the 
Divine. 




survey to identify which finish tiles were hazardous or inadequately bonded. Findings were 
cataloged in an APT Bulletin article, stating that the vaults in the Oyster Bar were not load 
bearing, aside from self-weight. It also stated that finish tiles appeared to have been applied to 
the underside of the rough masonry vaults, as evidenced by “mortar dabs [that] held the tiles in 
place rather than a fully parged collar joint.”117 Unpublished mortar analysis reports by Jablonski 
Berkowitz Conservation (JBC) identified two types of cement-lime-sand mortars, stated that 
“[soffit] tile had been set on the underside of the structural vaulting with daubs of cement-sand-
lime mortar and pointed with the same material.”118 This stated method of sequencing and 
assembly follows the Ochsendorf model of installing the finish tile layer last, however it does not 
acknowledge any use of a gypsum-based mortar.  
In 2007, a piece of mortar fell from the vaults and Robert Silman Associates and Building 
Conservation Associates (BCA) were retained to survey the condition of the vaults in both the 
Whispering Gallery and Oyster Bar. In this survey approximately 2700 tiles were noted as loose 
 
 
117 Robert Silman, “Structural Repairs to Fire Damaged Guastavino Tile Vaults at Grand Central Terminal’s Oyster 
Bar,” APT Bulletin: The Journal of Preservation Technology 30, no. 4 (1999): 48. 
118 Kuhn, et al., “Restoration of the Oyster Bar at New York’s Grand Central Terminal,” 43. 
Figure 43: Damaged vault at the Oyster Bar following the fire in 1997. Dark grey tiles are the remaining Guastavino ceramic 
finish tiles. Where the light gray part of the vault is visible, the mortar between the finish tile layer and rough masonry 
structural tile layer is exposed. Photo by Ehrenkrantz Eckstut and Kuhn Architects. 




and 3000 as ambiguous.119 It is estimated that the total number of tiles at this site is around 
36,000, 11,000 of which were replaced in the 1997 repairs.120 Most of the tiles identified in the 
2007 as loose or ambiguous were original tiles. Repair methods were established to remove and 
rest loose tiles. These methods, once tiles were removed, provided insight into the vault 
construction. 
Access to photos of the 2007 restoration provide an opportunity to superficially analyze 
the materials. As seen in Figure 43, many finish tiles had been removed or displaced during and 
after the fire in 1997. With finish tiles removed, the mortar between the finish tile and rough 
masonry tile layer was exposed, allowing for a unique opportunity to examine the properties of 
this layer of mortar. Upon physical examination, it appeared that there were conflicting methods 
of mortar application at two different conditions. At locations lower in the vault, where tile 
application was on a vertical or near-vertical surface, mortar appeared to be installed in the 
“daubs” discussed in both the Silman and JBC reports (Figure 45).121 Instead of being installed to 
structural tile vaults, the photos exhibited conditions with masonry piers behind the mortar, with 
This suggests that, as previously noted, ceramic finish tiles were installed after the construction 
of masonry piers.  
Additional photos of the vaults indicate other methods of installation, particularly at the 
central portions of vaults. In the vertical tile applications previously discussed, mortar had a 
distinctive edge that aligned with each individual tile. This was not evident at the central portions 
of the vault (Figure 45). Instead, some observations contradict the reported application method. 
First, a white mortar was observed embedded into the gray, cement-lime-sand mortar. Because it 
is embedded in the gray mortar, the white mortar would likely have been installed prior to the 
cement-lime-sand mortar. This is similar to the white mortar seen embedded in the mortar 
samples from St. Paul’s Chapel, which was noted as a gypsum-lime-based, quick setting mortar.  
The rear face of the soffit tiles, both at vertical and vaulted applications, are flat faced. 
This is visible in the impressions of the tile in the mortar, which has a smooth surface. Mortar 
daubs would likely exhibit curved edges between tiles or a series of tiles, as seen in Figure 45.  
 
 
119 “Approaching Total Reliability in Tile Repairs at the Oyster Bar and Whispering Gallery, Grand Central 
Terminal,” 2012, 5. 
120 ibid, 4.  
121 These reports were not directly accessed. Accounts of these reports were included in the Kuhn et. al and Silman 
articles in the APT Bulletin.  





Figure 45: Mortar exposed at a vertical surface 
where Guastavino ceramic finish tiles had been 
removed. Curved daubs of mortar are noted as 
"11" and "12". Photo by Derek Trelstad (2008) 
Figure 45: With many soffit tiles removed at the center of the vault, the surface of the mortar between the finish tile and 
structural tile layers was visible. Note the difference in geometries between the vertical application shown in Figure 45and this 
central application. Photo by Derek Trelstad (2008). 




Flat-faced tiles would have a low adhesion strength to daubs because there would be 
minimal mechanical connection between tile and mortar. This also would have been an awkward 
and inconvenient method of installation. With this method of assembly, it also seems possible to 
see the grey mortar to squeeze into the soffit tile joints. Instead, the observed white mortar at the 
flat-faced tiles joints are embedded in the gray mortar. It appears that the central portion of the 
vault was constructed prior to the installation of the gray mortar. This is further evidenced by the 
mortar’s composition, which varies in lateral bands. In Figure 45, a horizontal line bisects tile 
locations 99, 86, 79, 78, and 77 (from left to right). This appears to be a “tide mark,” or a 
physical remnant of the application of mortar laid onto the rear surface of the soffit tile. In this 
method, small bands of mortar would be installed to place a series of rough masonry tiles. These 
bands would be small to limit the setting of mortar. Once a series of tiles were in place, another 
band of mortar could be installed. 
Based on these findings, it seems that the methods of installation varied within the same 
vault (Figure 46). It appears that the ceramic finish tiles were laid into a masonry back up wall at 
each column with structural tiles. This would result in the daubs seen and analyzed in the 
restoration. As the vault raised and curvature increased, the methods of installation changed. At a 
certain point in the curvature, the ceramic finish tiles would be installed with a gypsum or lime-
based quick-setting mortar as the first layer installed. The cement-lime-sand mortar would then 





Figure 46: Diagram of center of vault assembly Grand Central Station Oyster Bar (left) and vertical assembly (right).  




8.3.4 Michigan Central Station, Detroit, MI (1912) 
Michigan Central Station was constructed between 1912 and 1913 to serve as the 
passenger rail depot station for Detroit, Michigan. It is in the Beaux-Arts style and was a result 
of the City Beautiful movement. The station was designed by New York architects, Warren & 
Wetmore and Minnesota architects Reed & Stem, the team who also designed Grand Central 
Station in New York City.122 Records indicate that the Guastavino Company was involved with 
the project in 1912.123 Expansive Guastavino vaults are present in the Waiting Room and 
Concourse, spanning approximately 80 feet by 50 feet. The domical vault forms are similar to 
those at the Oyster Bar at Grand Central Station. The soffit tiles are white glazed ceramic tiles 
arranged in a herringbone pattern. 
Multiple assembly types were reported at this site. Unfortunately, due to coronavirus 
restrictions in 2020, access to the site was not permitted for direct review. The arches were 
reported as being of similar construction to the crypts of St. John the Divine, with portland 
cement at the soffit tile joints. The vaults reportedly exhibited a similar construction to the center 
of the vaults at the Oyster Bar at Grand Central Station. These two buildings were constructed at 
the same period by the same architects, and is an interesting comparison to identify similar 











122 Kelli B. Kavanaugh, Detroit’s Michigan Central Station (Charleston: Arcadia Publishing, 2001), 126. 
123 Ochsendorf, Guastavino Vaulting, 229. 
Figure 47: Diagram of proposed vault assembly at Michigan Central Station. 




8.3.5 Akoustolith at St. John the Divine, New York, 
NY (1898) 
As previously noted, the variety of Guastavino 
vaults at the Cathedral of St. John the Divine provide 
extensive opportunities to examine vaults that were 
installed at different periods of the company’s history. 
Following the death of the original architect, George 
Lewis Heins of Heins and LaFarge in 1907, Ralph 
Adams Cram of Cram and Ferguson was appointed the 
new architect. Under his guide, the architectural style 
shifted to a Gothic style cathedral, and construction in 
this style occurred between 1916 to 1941. 
Much of the cathedral’s interior is clad with 
Akoustolith tiles, acoustical finish tiles patented by 
Guastavino Company in 1916 (Figure 49). These tiles 
are installed in the nave, the Great Choir, and the High Altar. In 2001, a fire in the north transept 
of the cathedral occurred. Building Conservation Associates (BCA) was retained to document, 
clean, stabilize, and replace Akoustolith tiles that were located in the vicinity of the fire location, 
however non-fire related conditions were 
observed. As a result, a multi-year 
comprehensive restoration began.  
Probes in the choir vaults revealed 
conditions where Akoustolith tiles were 
set in a “hard, dense mortar” with three 
layers of rough masonry tiles beyond.124 
These tiles were well-adhered to the 
bedding masonry, particularly at the center 
of the vaults.  Next, Akoustolith vaults in 
the nave were assessed. These tiles were 
 
 
124 Laura Buchner, “Restoration of Akoustolith Tile at Saint John the Divine, New York City,” APT Bulletin: The 
Journal of Preservation Technology 41, no. 2/3 (2010): 30. 
Figure 49: The nave of St. John the Divine clad 
with Akoustolith tiles. March 2019. 
Figure 48: Akoustolith tiles removed at St. John the Divine revealed 
the bedding mortar and rough masonry tiles. Photo by Building 
Conservation Associates. 




easily detached from the vault when the perimeter joints were raked and removed. Material 
analysis of the bedding mortar was performed for both the choir vault and nave vault conditions, 
but the results revealed that the cement-lime-sand ratios were nearly the same.125 
Some conditions also exhibited widespread cracking through the Akoustolith tiles. Where 
these were observed, tiles were removed, revealing the bedding mortar behind the tile (Figure 
48). With the Akoustolith removed, the bedding mortar did not reveal a white mortar bedded 
against it, as seen at projects such as the Oyster Bar (center of the vaults) or St. Paul’s Chapel.126 
Instead, the bedding mortar behind the Akoustolith tiles had appeared to become detached from 
the rough masonry tiles above these layers.127 
From the composition and physical appearance of the materials, it seems unlikely that the 
Akoustolith tiles were laid as the first layer of tiles. This is evidenced by a number of conditions. 
First, the bedding mortars did not have remnants of a quick setting layer of mortar. Instead the 
mortar appeared to have been spread onto intrados of the rough masonry tile vault before 
pressing the Akoustolith tiles into place.  Furthermore, the Akoustolith tiles are extremely light-
weight, in comparison to rough masonry tiles. The tiles would likely not be durable enough to 
support the load from above. The findings of this case study follow the Ochsendorf model of 
assembly. They also further demonstrate that methods of installation did vary from application 
from application, particularly within individual projects. The methods used in the crypts of St. 








125 ibid, 31. 
126 Laura Buchner (Senior Conservator, Building Conservation Associates, New York), in discussion with the 
author, February 2020. 
127 Laura Buchner, “Restoration of Akoustolith Tile at Saint John the Divine, New York City,” 31. 
Figure 50: Diagram of Akoustolith assembly at St. John the Divine. 




8.3.6 79th Street Rotunda, New York, NY (1936) 
The 79th Street Rotunda is located in New York City along Riverside Park as a part of 
the 79th Street Boat Basin. Construction at the site began in 1934 a part of the West Side 
Improvement Project, headed by Robert Moses. The rotunda was constructed to provide 
pedestrian access to the waterfront. Low-rise Guastavino vaults span the ceiling of the rotunda. 
The soffit tiles are buff, unglazed gray tiles arranged in an ashlar pattern. Records indicate that 
the Guastavino Company worked on the project in 1936.  
In 2018, efforts to repair and rehabilitate this structure began. In 2019, Highbridge 
Materials Consulting performed analyses on samples collected from the site to determine the 
condition of the structure. An unpublished report assessed the samples petrographically and 
chemically, to determine the material composition of the mortar and tiles. It also hypothesized 
the methods of construction, based on the material findings and petrographic analysis. The 
mortar installed between finish tile joints was identified as a common lime mortar with a low 
sand content. Mortar between layers of tiles was identified as a gray portland cement with a 
moderate sand content. Pointing mortar was identified as a blend of white portland cement, 
hydrated lime, and fine-grained sand.128 (Figure 51) 
Based on these materials and petrographic observations, the sequencing of construction 
can be presumed. The report states that the soffit tile was likely placed on centering with the 
common lime mortar installed as the setting mortar. The report also suggests that layers of tiles 
were then likely built up in multiple layers at once, instead of uniformly installing layers of 
rough masonry tiles over the vault one layer at a time. Then, centering was removed and mortar 
was raked from the soffit tile joints to install the cement-lime pointing mortar. The report also 
provides a commentary that defends this sequenced based on a number of observations. One 
observation states that no gypsum-based mortars are identified at this project, as was also the 
case in twenty or more Guastavino vaults examined by the authors. This finding contrasts with 





128 Highbridge Materials Consulting, Inc., Mortar Compositional Analysis Report: West 79th Street Rotunda, 
January 17, 2019. Prepared for Silman. Unpublished report.  













As demonstrated in the case studies, projects constructed by the Guastavino Company 
employed a variety of methods and materials (Figure 52). Material analysis is not always a 
feasible option when assessing these esoteric structures, whether it is not in the scope of a project 
or is simply inaccessible. Physical evidence is an important tool in initiating the analysis of 
construction sequencing for Guastavino vaults and domes. When the data from the prior case 
studies is gathered, it becomes clear that there is no discernable pattern in the materials used for 
assembly. The date of construction, site location, structural type, or span do not lead to 
conclusive evidence of exactly how these structures were constructed. What becomes clear, 
however, is that the methods outlined by Collins and Ochsendorf, do not fully illustrate the 
materials, assembly, and ultimately, construction sequencing of Guastavino vaults.  
There are many unstudied projects, and within those projects, many unique structural 
assemblies, that would contribute more information to this catalog of material composition and 
configuration of Guastavino vaults and domes. This thesis explores seven total projects, a mere 
0.1 percent of the Guastavino Company’s portfolio. It is clear from this small percentage of data 
that the material understanding of Guastavino vaults and domes is oversimplified. Further 
research must be performed to accurately identify, document, and preserve these incredible 
structures. 
  
Figure 51: Diagram of vault assembly at 79th Street Boat Basin Rotunda (1936) in New York, NY. 















































































Chapter 9: Conclusions 
 
An overly simple description of the construction sequence for Guastavino vaults and 
domes has been perpetuated for the last 60 years in published literature. George Collins’ 
statements regarding construction and material in his 1968 article are founded on two historic 
articles, stating that vaults were constructed using plaster of Paris at the first tile layer joints, with 
above tiles set in a layer of portland cement mortar. However, each of the articles upon which 
Collins’ claims rest distinguish themselves as being simplified or unique accounts of Guastavino 
vault construction.  
Collins is routinely cited in research regarding the Guastavino Company. Many scholars 
have constructed research, articles, thesis, and books, around his research. John Ochsendorf, in 
his book Guastavino Vaulting: The Art of Structural Tile, states that the methods of assembling 
these vaults follow the model as claimed by Collins, with finish tiles installed last, adhered to the 
surface of the structural vault. It is clear from an extensive literature study that the Collins and 
Ochsendorf assembly model was taken for its word without much research to confirm these 
claims. Material investigation through case-by-case studies often reveal that the material 
contradicts the narrative in the literature.  
Physical observation, material study, and archival review were performed to identify the 
mortars and their assembly at St. Paul’s Chapel at Columbia University. The restoration in 2017-
2019, during the author’s time on campus, provided a unique opportunity to observe these mortar 
and assembly conditions first hand. Archival research of St. Paul’s Chapel provided significant 
information about the relationships between the Guastavino Company, the architect, and the 
construction team. Design documents provide insight into Guastavino’s role in the design of the 
chapel. Construction photos and letters also provide important information regarding the 
construction sequencing. While the historical evidence provides an opportunity to reconstruct the 
timeline of the project, physical evidence is necessary to support and enhance these 
interpretations. Material study and sample review exposed new evidence and developed a new 
narrative for the construction sequence of Guastavino domes and vaults. Schematic section 
drawings illustrate these assemblies, identifying the variety of mortars used and their locations 
within the vault assembly.  




Physical observation methods further underline the variety of assemblies constructed by 
the Guastavino Company. Though only a fraction of these assemblies were analyzed in the case 
studies, these examples demonstrate the use of mortars, other than gypsum mortar or portland 
cement mortar. The selected vaults also illustrate a range of geometries and spans constructed by 
the Guastavino Company. The case studies establish that the type of mortar used in a Guastavino 
project was inextricably linked to the assembly method. As a result, the mortar and assembly 
techniques varied based on specific project parameters. 
These case studies begin to correct a sixty-year history of inaccurate assumptions and 
simplifications regarding Guastavino vault assembly. The beginning of this thesis hypothesized 
that variety of structures erected by the Guastavino Company likely involved a multitude of 
construction methods. The case studies demonstrate that St. Paul’s was not the only building 
constructed by the Guastavino Company that deviated from the Collins and Ochsendorf models. 
The analysis of St. Paul’s Chapel substantiates these alternative methods of construction, beyond 
the simplified methods stated in the Collins and Ochsendorf models. It seems especially poignant 
that these findings are centered on the very project which spurred George Collins to investigate 
the Guastavino Company in 1961. The study of St. Paul’s Chapel and the subsequent case 
studies assert that the Guastavino Company’s methods of construction may have varied from 
project to project, and vault to vault. 
It is worth noting that nearly all projects constructed by the Guastavino Company are 
nearing 80 to 100 years old. With this age comes increased maintenance. As these structures 
require restoration work, more assemblies will become available for further analysis. These 
projects would provide significantly more data to further reinforce the findings of this thesis. 
While Chapter 8 demonstrates the ease of applying these visual analysis methods to additional 
case studies, it is important to recognize the value of material-based evidence in deconstructing 
these vaults and domes. Each of these studies applied one or two of the methods used at St. 
Paul’s Chapel, heavily relying on physical observation. It is an important first step in creating a 
catalog of construction assemblies, but further analysis is necessary to confirm the materials 
used, both in different projects and in individual vaults.  
While a catalog of materials was not the focus of this thesis, the limited catalog 
assembled in Chapter 3 became a useful resource in assessing developments over time. This 
further reinforced the hypothesis that methods, along with materials, evolved throughout the 




history of the Guastavino Company. The study and comparison of individual projects will 
develop a comprehensive understanding of the methods used by the Guastavino Company will 
create a catalog of materials and methods used. Furthermore, analysis of various assemblies 
within individual buildings, such as finished and rough masonry conditions, will provide 
valuable information in comparing the variety of methods used.  
The following chapter explores the next steps that can be taken with this research.  
A number of additional research avenues, beyond the scope and subject of this thesis, were also 
discovered during this endeavor. These range from historic studies and documentation methods, 
to material studies and methods of engineering analysis.    
  




Chapter 10: Next Steps 
 
10.1 Cataloging Material and Form 
The main case study of this thesis investigated the assembly of the inner dome of St. 
Paul’s Chapel. While collecting data and reviewing sites, it was noted how many buildings 
constructed by the Guastavino Company have remarkably similar forms, such as St. Francis de 
Sales in Philadelphia, Pennsylvania, or the Central Congregational Church in Providence, Rhode 
Island. As was stated throughout this thesis, the Guastavino Company appears to have learned 
from building to building, resulting in an evolution of construction. The repeated forms are a 
unique opportunity to compare near-identical forms to determine exactly how material were used 
and how methods evolved. Unfortunately, due to inaccessibility, it was not possible to access any 
comparable domes during the period of this thesis. It would be valuable to compare the findings 
of this thesis to similar structural forms throughout the history of the Guastavino Company.  
In addition to the repeated forms, it would be valuable to compare the materials found at 
St. Paul’s Chapel to other dome structures that are not as similar in form. As noted in Chapter 4, 
the construction of the dome at St. John the Divine veered from the traditional methods of 
construction used by the Guastavino Company and has been extensively studied. Many other 
domes constructed by the company are similarly unique in form, such as the elliptical dome at 
Basilica of Saint Lawrence in Asheville, North Carolina. Domes constructed by the Guastavino 
Company ranged greatly in span, height, and geometry (Figure 53). Furthermore, a number of 
domes constructed by the Guastavino Company had unique penetrations or heavy loads, and 
were influenced by the restrictions and requirements of various architects.  Each individual 
structure requires its own analysis to accurately identify the evolution of methods used.  
To construct this evolution, a catalog of materials must be assembled. Chapter 3 began to 
assemble this catalog by identifying materials used by the Guastavino Company, discussing their 
general properties, and categorizing important properties related to the construction of 
Guastavino vaults and domes. The company clearly had an expert understanding of material 
properties, as evidenced by their use of multiple mediums. A catalog of these materials, stating 
the project location, date of construction, structural assembly, span, and many other properties 
would begin to identify how the Guastavino Company designed, specified, and erected their 
structures.  




It would also be interesting to relate the design of these structures to the architect. 
Guastavino exercised great influence on many of the architects he worked with, affecting the 
construction schedule and sequencing for other parts of the project in order for his vaults and 
dome to be properly received and constructed. Because many similar forms were used in 
multiple buildings, Guastavino must have had significant input on the design of these iconic 
structures. The Guastavino Company’s role in American architecture in the 20th century must be 
reevaluated through this lens.  
A variety of structural forms were encountered while researching this thesis, many of 
which were not considered. The focus of this thesis was to provide evidence that the materials 
and methods of construction differed. Most assemblies considered were vaults of varying spans. 
The catalog, as discussed above with regards to domes, should also incorporate and be 
categorized by tile vaults of 
various geometries. This could 
further distinguish and reveal the 
materials and methods of 
construction for other structural 
types, such as barrel vaults, 
domical vaults, arches, or 
stairways.  
A final method of 
cataloging would relate individual 
projects geographically. The 
Guastavino Company employed 
master masons to conduct work on 
sites that reached beyond Boston 
and New York, their two 
headquarters. When the 
Guastavino Company reached their 
peak in the early twentieth century, 
satellite offices were located 
throughout North America. It is 
Figure 53: Advertisement by the Guastavino Company, depicting the variety of 
domes they had constructed. St. Paul's Chapel is highlighted in blue (added by 
the author). Source: Avery Library. 




likely that these master masons had unique methods of construction they used at various projects. 
Few records are available that indicate who these masons were, but material evidence at project 
sites could provide some insight into their work methods. When comparing these methods of 
assembly, the geographic location and date would be valuable resources in understanding how 
individual structures were constructed. This data would be an important point of comparison in 
mapping the evolution of methods throughout the history of the Guastavino Company. 
Another avenue of further research relates to tile geometries. As was noted in the rough 
masonry tile discussion in Chapter 3, varying corrugation patterns appear on structural tiles in 
different buildings. At St. Paul’s Chapel at Columbia University (1904-1907), the corrugations 
have a shallow wave profile with no sharp angles. These corrugations are approximately 1/16” 
deep and 1/8” wide. In the Swimming Pool Room of the Biltmore House in Asheville, North 
Carolina (1889-1895), the corrugation pattern on the back side of the pool tiles exhibit a wide 
1½” ribbon in the center with 1” toothing on either side.129 At St. John the Divine in New York 
City (1898), some tiles in the crypts have wide ¾” ribbons on the surface with square-profiled, 
shallow ribbing, approximately ¼” wide and ⅛” deep spaced evenly, inset to the tile.  At 
Rosecliff Mansion in Newport, Rhode Island (1902), tiles in the basement vaults also exhibit 
multiple corrugation geometries. One tile type at this location exhibits thin ¼” ribbons on the 
surface with round-profiled toothing approximately ⅛” wide and ⅛” deep. Other tiles are 
smooth-surfaced with no corrugations. Others have a similar corrugation profile to the structural 
tiles seen in the dome at St. Paul’s Chapel, with a shallow wave corrugation. At the Michigan 
Central Station in Detroit, Michigan (1912), at least four different structural tiles with varying 
corrugation patterns can be observed. It seems clear from this brief review that the Guastavino 
Company experimented with tile geometries throughout their history.  
The corrugation of Guastavino tiles are important to material composition and 
construction sequencing because they directly relate to the methods of installation. The strength 
of Guastavino vaults relies on the cohesion of tile and mortar. It is evident that certain 
geometries must have performed better than others, given the evolution of these forms. Did they 
determine which tiles were needed for different applications? What effect did corrugation have 
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on the adhesion properties of mortar types? What worked best? An in-depth analysis of these 
studies, with relation to various mortar compositions, would begin to construct ideas of how 
these tiles performed during construction. This is particularly applicable to adhered tiles, 
coinciding with the Ochsendorf model of assembly. This thesis encountered two examples of 
these tiles: the decorative cross tiles at St. Paul’s Chapel, and the Akoustolith tiles at St. John the 
Divine. Research into these applications and the effect tile geometries had on the adhesion 
properties with various mortars would provide insight into methods of assembly.  
The question of tile geometry evolution can also begin to answer a number of questions 
directly related to preservation and conservation. If there is evidence of why these profiles 
changed over time, perhaps it is possible to more accurately diagnose failures in structures. By 
creating a database of information, the preservation field can identify what tile types cause the 
most problems, and which are the most successful.  
 
10.2 Preservation and Restoration 
As many of the Guastavino Company’s projects near their centennials, questions of 
preservation or restoration will inevitably arise. While a number of projects have already 
undergone restorations, they have not yet occurred at a rapid rate. The findings of this thesis, and 
the proposed next steps, provide critical information to the preservation field. Technological 
building history is an invaluable resource when making preservation decisions, especially with 
regard to material authenticity or replacing in kind. We must understand methods of installation 
in order to accurately determine proper restoration techniques. Many projects may not feasibly 
be able to perform extensive material analysis on Guastavino vaults or domes. When it is 
possible, however, this material analysis should be performed. This data would contribute to the 
extensive catalog, as discussed above, and provide an evidence-based resource to appropriately 
select a sufficient replacement mortar. 
The use of gypsum-lime at the finished dome soffit tile layer at St. Paul’s Chapel is not 
documented in other Guastavino vaults. Lime, however, was noted at this location in multiple 
structures. Lime has a high shrinkage rate. It would be interesting to compare data from various 
Guastavino vaults and domes that use lime or gypsum-lime mortars at the soffit tile layer. Are 
failures more common at assemblies that use lime mortar or gypsum-based mortar? How 
frequently were these materials used? What are the typical failures of each, and what is the rate 




of failure? What methods of restoration are best equipped for the material and assembly of these 
structures? Data from each of these projects can begin to answer these questions. With this data, 
future restoration projects would be better equipped to analyze and preserve Guastavino 
structures.   
 
10.3 Nelson Goodyear and Engineering History 
Nelson Goodyear, the structural engineer attributed with the Guastavino Company’s 
introduction to graphics statics analysis, is extremely understudied. His first collaboration with 
the Guastavino Company occurred during the construction of St. Paul’s Chapel to evaluate the 
load capacity of the dome. This method of structural analysis greatly influenced the design of 
later vaults and domes, especially more complicated structures like the dome at St. John the 
Divine or St. Francis de Sales.  
Resources inconsistently cite Nelson Goodyear’s relationship with the Guastavino 
Company. Some sources cite his involvement as being limited to St. Paul’s Chapel. Others refer 
to him as “the Guastavino Company’s consulting engineer.”130  Later advertisements indicate 
that the Guastavino Company developed an engineering department to address structural and 
acoustical performance.131 No discussions of this engineering department, or Nelson Goodyear’s 
role in it, were further discovered. Regardless of the tenure of his involvement with the company, 
Goodyear greatly impacted the engineering of Guastavino domes and vaults.  
Nelson Goodyear was an architect, inventor, and engineer who had trained at the École 
des Beaux-Arts in Paris.132 Prior to enrolling in the school, he studied medieval cathedrals under 
his uncle, William Henry Goodyear, a professor of architecture who had studied the architectural 
refinements of these structures.133 Limited biographical information is available about Goodyear 
 
 
130 Stanford Anderson, Eladio Dieste: Innovation in Structural Art (New York: Princeton Architectural Press, 2005): 
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131 “Timbrel Arch Construction and Masonry Acoustical Materials,” Guastavino Series II: Administrative and 
Technical Records, Box 5 Folder 2, Guastavino Fireproof Construction Company Collection, Drawings and 
Archives, Avery Architectural & Fine Arts Library, Columbia University, 2a|Gu.  
132 Nelson Goodyear, of the Goodyear family that invented the rubber vulcanizing process, was also a chemist  He 
ultimately gave up architecture to pursue his interests in chemistry.  
133 John Mead Howells, “Nelson Goodyear: Architect & Inventor,” Architectural Record 42, no. 3 (Sept. 1917): 259. 
Architectural or linear refinement is the term for subtle and intentional distortions that affect the perception of scale 
in buildings. A classic example of this is a column, which appears rectilinear in elevation, but the actual dimensions 
of the column reveal that the column tapers at the head and base of the column and widen at the middle.  




and his experiences as a structural engineer. No known records indicate how Goodyear became 
affiliated with Howells & Stokes, or what his previous experiences were in designing dome 
structures.134 
Goodyear’s background greatly aligned with the values and methods of construction used 
by the Guastavino Company. He was fascinated by the “lack of simplicity and structural truth” of 
cathedrals, and was particularly interested in the constructional truth of domes.135 If he had 
further involvement with the company, it would be interesting to study his effects on the 
aesthetics of Guastavino vaults and domes. He had great interests in architectural refinements, 
intentional distortions that affect perceived scale, in ecclesiastical buildings. His studies 
primarily focused on medieval cathedrals, but perhaps these interests extended to the many 
ecclesiastical structures erected by the Guastavino Company. It would be interesting to compare 
his studies of architectural refinements with the designs and geometries of Guastavino domes. 
Regardless of his involvement, the construction engineering of Guastavino structures is relatively 
understudied, especially related to material performance. Many studies have performed structural 
engineering analyses to determine the performance of individual Guastavino vaults or domes. 
Many structural elements were also observed at various sites. Many conditions had 
additional layers of tile reinforcement installed in bands on the extrados of vaults or domes. How 
did the Guastavino Company determine the locations for these tile locations? Was it based on 
instinct or was it determined, and evolved, by graphic statics analysis? Furthermore, buttresses 
were often observed at double dome conditions, spanning between the two structures. In the case 
of St. Paul’s Chapel, these buttresses are called out in the section drawings, but further guidance 
on the placement and construction of these structures is not elaborated on.   
In addition to these larger structural forms, smaller scale supports and forms were also 
observed. At St. Vincent Ferrer in New York, NY, small arches were located between vaults in 
the attic. These arches spanned one to two feet at the base of the arch. What were the purposes of 
these arches? How did the Guastavino Company determined where they should be placed? Was 
this consistently used in attic vault spaces or was it specified by the geometry of the structure?  
 
 
134 Some secondary literature claims Nelson Goodyear was directly affiliated with the Guastavino Company as an 
engineer. The St. Paul’s Chapel Columbia University archives found in Avery Library show that he was introduced 
to the Guastavino’s by Howells and Stokes.  
135 Howells, 259-265.  




While extensive study has already investigated the structural performance of these 
structures, many unique supporting forms appear throughout many projects. It is important to 
document the placement of these structural forms when we consider the engineering history of 
the Guastavino Company, and evaluate their structural capacity. Documentation of these 
conditions would contribute to a greater and more accurate understanding of the construction 
methods and structural performance of Guastavino vaults and domes.  
 
10.4 Documentation 
Documentation is a vital tool for the field of historic preservation. The methods of 
documentation are, in themselves, a form of cataloging the structure, form, composition, and 
materials of Guastavino vaults and domes. Guastavino vaults and domes are complicated 
structures that often have limited documentation. While the Guastavino Archives at Avery 
Library are an extremely valuable resource, many projects only have one or two sheets. It is 
difficult to reference these structures without accurate documentation.  
 With digital methods of documentation, a heightened degree of accuracy is possible. 
Laser scanning is a valuable method of documentation that can be used to generate information 
of the existing conditions of a structure. This provides highly accurate information that can 
support the analysis, design, and repairs of various structures. During the tenure of this thesis, 
Columbia University obtained a laser scanner. St. Paul’s Chapel was considered as a possible 
subject for laser scanning, however, this was beyond the scope and circumstances available. It 
would be interesting to closely analyze laser scan data of the Chapel to visualize the geometries 
of the dome on a finer scale.  
 
10.5 Conclusion 
 It is evident from these many proposal avenues that significantly more research related to 
the Guastavino Company must be performed. The history of the Guastavino Company has been 
thoroughly researched, and the structural analysis of individual projects has been explored for 
many notable projects. Despite this, very little is known about the composition of Guastavino 
vaults and domes and how these assemblies changed throughout the company’s 80-year history. 
Instead, the two accounts stated by Collins and Ochsendorf have been perpetuated in research, 




resulting in a vastly oversimplified understanding of these complex structures. Further research 
must be conducted to address this.  
 Collins and Ochsendorf each provide an important foundation for our basic material 
understanding of Guastavino vaults and domes. Research in this thesis indicates that while these 
assemblies are true in some instances, a wider array of methods and assemblies appear in less 
than one percent of the thousand projects constructed by the Guastavino Company. As a result, 
this oversimplification has resulted in an inaccurate account of the design and construction 
methods used.  As many of these buildings reach or surpass their centennials, increased 
maintenance will be required. Without further research, the preservation field cannot properly 
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A number of primary resources were consulted while researching this thesis. All 24 Patents held 
by the Guastavino Company were reviewed and are listed below. Facsimiles of the patents are 
available in the “Preserving Historic Guastavino Tile Ceilings, Domes, and Vaults” edition of the 
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Appendix A: Literature Review Passages 
 
Guastavino, “Essay on the Theory and History of Cohesive Construction” (1893) 
 
“Improvements have been introduced constantly. Some of them are as a follows: -  
 
1. The custom was to use plaster in the first and second courses; and it was not possible to 
construct in any other way. This gave an excess of plaster, which was very prejudicial, as all 
intelligent builders know, and of which we give full explanations in this book […] To-day we are 
using one-tenth of the plaster we used originally. 
 
2. Before, it frequently happened that, because of the negligence of workmen or others in 
stepping over or putting heavy weights on the arch before it had set, or for any other cause, some 
of the tiles of the first course, having become a little separated, were likely to fall. To-day, by 
means of a flange, the tiles, if any become separated, can never fall, and none the less have the 
same stability. 
 
3. Formerly, the tiles used to be covered by plaster, leaving that as a rustic form of rough 
material, purely constructive; to-day they are employed in a more useful way, the tiles forming 
the construction and decoration. That was one of the constant and noble aspirations of the art of 
construction; but to arrive at this point with the tile was not an easy problem, because the 
decorative tile is the first course, which is the most difficult to have nicely and properly jointed, 
while the material required for this first course gives no chance for carefully made right angles 
and even joints. 
 
4. In several cases, for industrial, mercantile or special buildings, it is necessary to have flat 
ceilings, and very light floors, practically deafened. We have these conditions provided for to-
day in the cohesive system.  
 
Now, if the object of the law of patents is to guarantee the intellectual work applied to new 
applications and improvements, is it possible to have no guarantee for all our new applications. 
But the protection of patent law was invoked, not with a desire of making a monopoly, nor for 
gain only, with that object. I may remark that, notwithstanding to some architects the system is 
acceptable, the truth is that the day is very far distant when it can be given to the common use 
and free practice of all kinds of contractors, while they have not yet at their disposal the elements 
necessary, neither of material nor expert hands; and for this reason the system would be dead, if 
it was not restricted. For instance, suppose an architect, knowing and believing in the system and 
convinced of its utility, as there are many to-day [sic], should project a building under this 
system, as insignificant as it is or appears to be. If he called for competitive estimates, in order to 
obtain the price, I am sure that neither the architect nor the owner would be certain that the 




contractor was practically able to erect the building with success in the construction. The 
architect, not having enough confidence in the contractor, not knowing whether he was practical 
or not, and realizing that he person- ally is directly responsible, knows that he will be a slave of 
the building. On the other hand, the owner, knowing that the system is new and put in the hands 
of a contractor who cannot give references as to his knowledge of the matter, by his past record, 
would not have confidence in him, and would pay his money without a guarantee that the 
contract was well and safely performed. The contractor, too, would not be in any better position: 
he could not find the material nor the work-men, under the ordinary conditions that other systems 
would allow, and consequently everything would be against either success or economy.  
This is the reason that it was necessary to accumulate, year by year, elements of security for 
architects and owners, and acquire elements for supplying the market with material and expert 
hands, educating able foremen, able masons, and able helpers. The reader will appreciate the 
cost, the great sacrifices and the capital expended in order to succeed in all this, besides the 
necessity of placing the systems on a scientific basis. All of this could not be done without a 
patent guaranty; and all of this had to be perfected at the commencement of the first year’s work, 
because it was a labor of propagation and evolution.”136 
 
Guastavino Sr., Patent No. 430,122: Construction of Tiled Arches for Ceilings, Staircases, &c. 
(1890) 
 
“It is my aim to be able to build arches of brick tiles of unusual length of span [...] To 
accomplish this it is necessary to avoid the use of large quantities of plaster, which I am enabled 
to do by employing the plaster only in the first course of tiles, which are flanged, and in very 
small quantities, and disposed, as here-in shown and described, so that it will not be exposed to 
the disintegrating influences of moisture, temperature, and the like, and laying the second course 
of tiles (and the third, where thrce [sic] are employed) in portland cement. [...] I select the best 
grades of hydraulic cement and also a superior quality of sand, and these two ingredients are 
mixed in the usual proportions to render the same suitable for laying the tiles of the arches. 
Before, however, mixing the sand with the crude cement I subject it (the sand) to an artificial 
drying agent -- such, for example, as heat. When the same is thus thoroughly dried or relieved of 
every particle of its moisture, it is then mixed with the selected cement and water. By subjecting 
the sand to an artificial drying process the cement-mixture will set quite as quickly as plaster, 
and when set there will exist none of the superfluous moisture that is present when the sand is 





136 Guastavino, Essay, 137-142. 
137 Guastavino, Rafael. Construction of Tiled Arches for Ceilings, Staircases, &c. US Patent 430,122, filed 
September 19, 1889, and issued June 17, 1890, 1-2.  




Wight, “The Life and Works of Rafael Guastavino” (1901) 
 
“In building a simple floor arch […], the first course of the tile is set as a skew-back on a ledge 
or in a groove of one of the short walls, which is slightly elevated in the center. These are set, 
using only a light frame center slightly curved, and as wide as one tile, and the joints between the 
edges of the tile are of pure plaster of Paris, used only on account of its quick setting properties.  
A second course of half tiles is set on top of these and breaking joints with them next to the wall, 
with rich portland cement, the joint being not more than one-quarter of an inch. As soon as this 
second course of tiles is set, the whole will be self-supporting, and the curved board is moved out 
to serve as a center for the second row of the first course of tiles. This is set the same as the first 
row with plaster at the edge joints, and the second row of the second source is set on top of them 
with portland cement mortar, breaking joints and covering only half of the second row of the first 
course tiles. Then the first row of the third course of tiles is set next to the wall, covering the first 
row of half tiles set in the second course and half of the second row of the same course. This 
brings the thickness at the skew-back to 3 ins., which is the thickness of the completed arch.  The 
next row of first course tiles is then set as before, then a row of the second course, and a row of 
the third course, and so on until the arch is built across the twenty feet.  The curved centering is 
set for each row of the first course to a guide traced on the side walls of the space to be covered 
and indicating the rise of the whole arch, which is presumably about 2 ft in 20. Only the simplest 
conditions for building a cohesive or timbrel arch are here given for the purpose of illustration.  
It will be seen that the plaster used plays a very small part in the construction.  It is used for 
convenience only on account of its quick-setting properties to keep one isolated row of tiles in 
one place until the next course can be set above it.  When complete with three courses of tiles, 
the arch has two bed joints of portland cement through its whole area, and only the edge joints of 
one course of tiles are of plaster.  The breaking of the joints in both directions practically makes 
the arch homogeneous if the cement becomes as hard as the tiles.”138 
 
Perrine, “The Construction of the Temporary Dome over the Crossing of the Cathedral 
Church of St. John the Divine” (1911) 
 
“In laying the tile the first or inner course was set in plaster of Paris mortar, used on account of 
its rapid setting qualities. The first tile in any course of the inner surface of the work was well 
covered with mortar on the lower edge and one end, and these pressed firmly against the edges of 
the tiles in position, at the same time adjusting its inner face to the lines formed by the templates. 
Care was taken to lay each tile true with the preceding course, when they were held in position 
by the mason’s assistant until the second tile also jointed with mortar was set in position, when it 
was then held by the assistant for a short time until it was set strongly enough to stand alone. 
 
 
138 Wight, “The Life and Work of Rafael Guastavino,” 100-101. 




“This operation was repeated for successive tiles until all of the masons working on the course 
reached the point where their neighbors commenced work; the course was then completed.”139  
 
Collins, “The Transfer of Thin Masonry Vaulting from Spain to America” (1968) 
 
“the first soffit course is laid in plaster of Paris which is not weather resistant but offers an 
almost immediate bind [sic]. These soffit tiles, especially when a curved sequence of them is 
complete, will act as support for the backing layers which are laid in some less fragile and more 
weatherproof material like natural or artificial cement”140  
 
Milkovich, “Guastavino Tile Construction: An Analysis of a Modern Cohesive Construction 
Technique” (1992) 
 
“With the cohesive system a light frame guide was used to assist in the placement of the first 
course of tiles. When the mortar had set, the construction would continue as a self supporting 
system. The tiles used were laid flat in layers of distinct patterns, herringbone for vaults and 
concentric circles for domes, adding to the strength and durability of the system.”141  
 
“Whether constructing a dome or vault, the initial course of tile was set in the correct position 
along a wooden guide with plaster of Paris. When this layer had set, succeeding layers of tile 
were placed with a portland cement mortar using the prior courses as formwork. To give added 
strength to the vaults and to protect the mortar, the joints of the previous layer were overlapped 
at a 45 degree angle, creating the system’s distinctive herringbone pattern. […] To create domes, 
tiles were laid in concentric circles with the previous course supporting the next course.”142 
 
Link, “Guastavino Tile Construction: History and Restoration” (1995) 
 
“It required little or no interior falsework and therefore was much less expensive than traditional 
masonry or dome building. Typically, part of the first course was set in quick setting ‘mortar,’ 
usually Plaster of Paris [sic]. The incomplete course was held up only by the cohesion of tile and 
mortar, once the mortar dried and stiffened. Until that point, a mason and the mason’s assistant 
would hold up each tile, with only a light wooden frame as guide, until the Plaster of Paris set, 
which it did quickly. 
 
 
139 Perrine, “The Construction of the Temporary Dome Over the Crossing of the Cathedral Church of St. John the 
Divine,” 58 
140 George R. Collins, "The Transfer of Thin Masonry Vaulting from Spain to America,” Journal of the Society of 
Architectural Historians 27, no. 3 (1968), 177-178. 
141 Ann Katherine Milkovich, “Guastavino Tile Construction: An Analysis of a Modern Cohesive Construction 
Technique,” Master’s thesis, University of Pennsylvania, 1992, 22. 
142 ibid, 24-25. 




“A second or third course would be laid, this time in a strong cement mortar mixture such as 
portland, Rosendale, or natural cement.  Photos of the period frequently show men standing 
securely on a portion of vault or dome, working on finishing the construction of the same vault 
or dome. 
“[…] In the case of domes, tiles were laid in concentric layers. The thickness of tiles was greater 
toward the lower parts of the dome, since loads are transmitted down to the outer and lower rings 
to the pendentives which transmit the loads to the walls.”143 
 
John Ochsendorf, Guastavino Vaulting: The Art of Structural Tile (2010) 
 
“(1) the first layer was built with fast-setting plaster of Paris to minimize formwork; (2) a second 
layer of tile was added on top with portland-cement-based mortar; (3) a third layer of finish tile 
was added from below, again with portland cement mortar; and (4) the joints were finished from 





143 Karen Link, “Guastavino Tile Construction: History and Restoration,” Master’s thesis, University of Oregon, 
1995, 47-49. 
144 Ochsendorf, Guastavino Vaulting, 127. 




Appendix B: St. Paul’s Chapel Specifications 
St. Paul’s Chapel Specifications, Box 1 Folder 37, Howells & Stokes St. Paul’s Chapel Columbia University 
Collection, Drawings and Archives, Avery Architectural & Fine Arts Library, Columbia University. 









































Appendix C: St. Paul’s Chapel Samples 
* = sample analyzed petrographically 
 
Sample 1* 
General Description: Bowtie-shaped mortar sample, impression of corrugated tile and flat tile. 










General Description: Heart-shaped mortar sample, impression of corrugated tile and flat tile. 














General Description: Mortar sample with impression of corrugated tile and flat tile. Lime-based 





































































































































































General Description: Large mortar sample. No relation to tiles. Collected from altar dome. 
 
 
 
 
 
